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ABSTRACT 
 

Centrosomes are organelles that promote microtubule growth. Normally, a single centrosome 

duplicates once each cell cycle to guide assembly of a bipolar mitotic spindle, ensuring that each 

daughter cell inherits an equal complement of the genome and a single centrosome. Centrosomes 

are composed of a pair of ‘mother-daughter’ centrioles and, during duplication, each mother 

centriole assembles one daughter at a single site. However, mother centrioles can inappropriately 

assemble multiple daughters, thereby generating centriole amplification (or overduplication), 

resulting in multipolar spindle assembly and, consequently, chromosome missegration – a 

driving force for chromosomal instability/aneuploidy which induces birth defects, miscarriage, 

and tumorigenesis. Two conserved centriole proteins control the assembly process: the master-

initiator of centriole assembly Polo-like kinase 4 (Plk4) and the centriole assembly protein 

Anastral Spindle 2 (Ana2/STIL in humans). Overexpression of either of these proteins promotes 

multiple daughter centriole assembly. A major gap in our knowledge is how these key proteins 

are regulated to limit daughter centriole assembly to only a single event. 

 

We have elucidated how the cell cycle control program regulates the centriole duplication 

machinery to limit centriole duplication to one event per cell cycle via the cell cycle-dependent 

regulation of Ana2/STIL and PLK4 degradation.  In the case of the centrosome licensing factor 

Plk4, we found that autophosphorylation promotes its own destruction during interphase, which 

is then counteracted by the Protein Phosphatase 2A (PP2A) in complex with its Twins (tws) 

regulatory subunit during mitosis. This promotes stabilization of Plk4 and thus allows for the 

licensing of the mother centriole, making it competent to duplicate during the proceeding S-

phase.  While PP2Atws plays a positive role in regulating Plk4 to promote centriole duplication, 
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we found that PP2A complexed with the Well-rounded (wrd) and Widerborst (wdb) regulatory 

subunits negatively regulates Ana2 by promoting its degradation to limit centriole duplication.  

PP2Awrd/wdb dephosphorylates numerous serine/threonine residues residing in Ana2, including 

several CDK phosphorylation consensus motifs.  We found that CDK1/cycA and CDK2/cycE 

phosphorylate these residues to promote Ana2 stabilization from S-phase, the start of centriole 

duplication, to M-phase, the start of centriole duplication licensing.  Interestingly, we found that 

the tumorigenic SV40 virus protein Small Tumor Antigen (ST) amplifies centrioles by targeting 

the PP2A complex to stabilize Plk4 as well as Ana2, underscoring the oncogenic importance of 

these newly discovered centriole duplication pathways.  Finally, we shed insight into the 

mechanism for centriole amplification upon Ana2 stabilization by showing that Ana2 associates 

with Plk4 to promote Plk4 kinase activity as well as Plk4 stabilization.   

 

Together these results have a significant impact into providing mechanistic insight into a 

complex molecular process that ultimately governs the fidelity of centriole duplication. 

Understanding this process at the molecular level will guide future studies to explore the etiology 

of centriole amplification during tumorigenesis and other centriole-related diseases. 
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CHAPTER ONE: BACKGROUND AND INTRODUCTION 

 

1.1 Overview 

Centrosomes are organelles involved in generating and organizing the interphase microtubule 

cytoskeleton, mitotic spindles and cilia. At the centrosome core are a pair of centrioles, structures 

that act as the duplicating elements of this organelle. Centrioles function to recruit and organize 

pericentriolar material which nucleates microtubules. While centrioles are relatively simple in 

construction, the mechanics of centriole biogenesis remain an important yet poorly understood 

process. More mysterious still are the regulatory mechanisms that oversee centriole assembly. 

The fidelity of centriole duplication is critical as defects in either the assembly or number of 

centrioles promote aneuploidy, primary microcephaly, birth defects, ciliopathies and 

tumorigenesis. In addition, some pathogens employ mechanisms to promote centriole 

overduplication to the detriment of the host cell. This review summarizes our current 

understanding of this important topic, highlighting the need for further study if new therapeutics 

are to be developed to treat diseases arising from defects of centrosome duplication. 

 

1.2 Introduction 

Centrioles are small (0.2–0.5 lm long) cylindrical structures that together with the pericentriolar-

material (PCM) form the centrosome, the organelle responsible for nucleating and organizing the 

microtubule cytoskeleton [1]. Like DNA, new centrioles are generated once per cell cycle during 

S-phase in a semi-conservative fashion: each extant centriole (or mother centriole) serves as a 

platform for the assembly of a single new but incomplete daughter centriole, known as a 

procentriole, whose formation is completed during G2-phase [2]. In most animal cells, the 
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accurate segregation of chromosomes during mitosis is facilitated by two functional centrosomes 

which promote the assembly of the bipolar mitotic spindle. Therefore, faithful duplication of 

centrioles is crucial, since deregulation of the duplication machinery can lead to supernumerary 

centrosomes which can contribute to aneuploidy, polyploidy and chromosome fragmentation, 

three forms of chromosomal instability, an established hallmark of cancer [3–7]. Indeed, most 

tumors contain cells with an elevated number of centrosomes (a phenomenon known as 

centrosome amplification) and exhibit some degree of aneuploidy [8]. Likewise, abnormal 

centriole numbers can lead to defects in proper alignment of the mitotic spindle in 

asymmetrically dividing cells such as stem cells [9–12]. Notably, changes in centrosome number 

(either loss or gain) or defects in centrosome function, and thus defects in asymmetric stem cell 

division, have been implicated in diseases such as microcephaly, dwarfism and cystic kidney 

disease [13–15]. In order to fully understand the etiology of these diseases (with the ultimate 

goal of developing remedial therapies), an in-depth understanding of what limits centriole 

duplication to only one event per cell cycle is needed. Here, we focus on the mechanisms which 

restrict daughter centriole assembly to only one event per cell cycle and on the various 

conditions that can lead to deregulation of centriole copy number. 
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Fig. 1.1 

The centriole duplication cycle. Centriole duplication begins during mitosis with the recruitment 

of the kinase, Plk4, by the scaffolding protein Asterless/Cep152. (In C. elegans, the functional 

analogs are Zyg1 and SPD-2.) The enzymatic activity of Plk4 (or Zyg1) is required to initiate the 

formation of the procentriole which is assembled later during S-phase. The earliest observable 

procentriole structure is a ninefold radially symmetrical “cartwheel” that extends orthogonally 

from the proximal end of the mother centriole. (In C. elegans early embryos, the first structure is 

the “central tube” that also extends from the proximal end of the mother centriole.) The central 

tube and cartwheel structures are constructed of SAS-6, SAS-5/Ana2/STIL, and likely 

CEP135/Bld10. During S-phase, CDK2-cyclin E/A also contributes to centriole assembly. 

During G2, the procentriole continues to elongate. SAS-4/CPAP is then recruited, stabilizing the 

procentriole by potentially promoting the assembly and stability of the microtubules that form 
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the characteristic 9-fold singlet, doublet, or triplet outer microtubule structure. Elongation of the 

centriole by SAS-4/CPAP is balanced by the addition of Cep97 and CP110, which function as 

capping proteins. Later during G2-phase, Plk1 and Aurora A kinases induce centrosome 

maturation and accumulation of PCM. Importantly, accumulation of PCM, like Plk4 activity, is 

necessary for centriole duplication in the subsequent S-phase. At the metaphase-to-anaphase 

transition, the APC degrades securin to activate the protease, separase. Separase destroys the 

cohesin subunit, Scc1, which is thought to function as “molecular glue” to bind mother and 

daughter centrioles together in a tight, “engaged” conformation. Degradation of Scc1 liberates 

the daughter centriole from the mother—an event named “disengagement”. Also during mitosis, 

PP2ATwins levels rise and counteract Plk4 autophosphorylation, preventing SCF-Slimb-

mediated degradation of Plk4, allowing Plk4 levels to briefly rise. Protein levels of Asl/Cep152 

also rise during mitosis to target Plk4 to mitotic centrioles where Plk4 decorates them as an 

asymmectrically localized spot. We hypothesize that Plk4 modifies one or more centriolar 

substrates which are positioned on the mother centriole; the modified proteins constitute a 

molecular “license” on the mother centriole which will be the site of procentriole growth in the 

subsequent S-phase 

 

1.3 An overview of centriole duplication  

Centriole duplication can occur by two very distinct routes, either by using a previously 

generated centriole as a platform or, in certain cell-types or under certain experimental 

conditions, by a purely de novo process in the absence of a mother centriole [16–22]. In multi-

ciliated cells, centrioles are also nucleated by deuterosomes (not reviewed here) [23]. In the case 

of ‘templated’ centriole duplication (Fig. 1.1), the nascent procentriole can first be seen via 
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electron microscopy (EM) during late G1- or early S-phase [24–29]. In organisms such as 

Drosophila, mice, and humans, the initial procentriolar structure emerges laterally from the 

proximal end of the mother centriole surface and appears as a cartwheel with ninefold radial 

symmetry, while in Caenorhabditis elegans early embryos the initial structure is tubular and 

termed the central tube [30]. Both structures are thought to be constructed with two 

phylogenetically conserved proteins, SAS-6 and Ana2/SAS-5/ STIL. SAS-6, a coiled-coil ‘rod-

shaped’ protein, is capable of self-assembling in vitro into a structure reminiscent of the 

cartwheel with ninefold radial symmetry [31–35]. Ana2/SAS-5/STIL encodes a unique STAN 

motif that interacts with SAS-6 and which, along with CEP135/ Bld10, is hypothesized to play a 

role in generating and stabilizing the final procentriole structure [36–39]. Further stabilization of 

the initial structure is provided by another conserved protein, SAS-4/CPAP, which is important 

in recruiting/maintaining the microtubules that decorate the perimeter of the centriole in a 

ninefold singlet, doublet or triplet fashion [40–43].  

 

Once these basic structural foundations are laid, the procentriole continues to elongate 

throughout G2-phase until the capping proteins, CP110 and Cep97, bind the distal end of the 

procentriole, preventing further growth and maintaining the new centriole’s length [44–47]. At 

this point, mother and daughter centrioles are similar in size and morphology when studied by 

EM. However, the newly duplicated daughter centriole lacks the ability to accumulate PCM and 

thus cannot robustly nucleate microtubules and, in the case of mammals, lacks the distal 

appendages characteristic of a mother centriole and which are associated with the ability to form 

a primary cilium [48, 49]. Toward the end of G2-phase, heightened Aurora A and Plk1 levels 

play a crucial role in centrosome ‘maturation’— the recruitment of a full complement of PCM 
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[50– 52]. Interestingly, centriole maturation via Plk1 activity is necessary to ‘‘prime’’ the 

daughter centriole, making it competent to serve as a scaffold for nucleation of a new daughter 

centriole in the next cell cycle [53–56]. The requirement of Plk1 to prime the centriole for 

duplication is reminiscent of Plk1’s role in priming DNA for replication [57], one of several 

parallels between the mechanisms regulating DNA and centriole duplication, a topic which will 

be discussed further in the next section.  

 

1.4 Cell cycle control and the licensing of centriole duplication  

Centriole duplication is remarkably similar to DNA replication, both in respect to the timing of 

their occurrence within the cell cycle and to the manner of their regulation [58–62]. Like DNA 

replication, centrosome duplication can be thought of as a semi-conservative process: the older 

centriole is used as a foundation to make a new daughter centriole, and the mother/daughter pair 

is inherited together by a daughter cell as it completes cytokinesis [2]. Furthermore, formation of 

the daughter procentriole begins during the G1-/S-phase transition, but unlike DNA replication, 

proceeds until the end of G2-phase, culminating in the production of a mature centriole upon 

entry into mitosis [26–29]. In addition, centriole duplication is triggered at the end of G1-phase 

by activation of the CDK2-cyclin E (or CDK2-cyclin A) complex [63–66].  

 

The requirement of centriole duplication for CDK2- cyclin A/E has been attributed to activated 

CDK2 directly phosphorylating nucleophosmin and the kinase MPS1 [67– 70]. In the case of 

MPS1, abnormally high levels of this protein in S-phase HeLa cells will cause centrosome 

overduplication (i.e., repeated, sequential rounds of daughter centriole production from a single 

mother without concomitant progression through the cell cycle) [70]. Because CDK2-cyclin A 
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phosphorylates MPS1, and so prevents the ubiquitination and eventual degradation of MPS1 by 

the proteasome, overexpression of cyclin A or proteasome inhibition in S-phase HeLa cells will 

drive excess MPS1 accumulation and centrosome overduplication [70]. In the case of 

nucleophosmin (NPM/B23), NPM localizes between centriole pairs and prevents their separation 

[71]. According to one model of the regulation of centriole duplication (discussed below), 

separation precedes and enables duplication. If both the experimental result and model are 

correct, then NPM could prevent duplication by localizing to centrioles. Thus, during late G1-

phase, phosphorylation of NPM by CDK2-cyclin E would cause NPM to release from 

centrosomes and thereby allowing centriole duplication [67]. However, additional studies have 

also demonstrated that CDK2-cyclin E is not absolutely required for centriole duplication but 

instead enhances centriole duplication kinetics [72, 73]. Even so, CDK2-cyclin E does play an 

important role in centriole amplification, as it appears to be required for centriole reduplication, 

which occurs in S-phase-arrested human U2OS cells and in Xenopus egg extracts, and in 

cultured mouse embryonic fibroblasts expressing the human papilloma virus (HPV) protein E7 

[63–66, 72, 73]. One alternative explanation of these results is that CDK2-cyclin E/A is either 

directly or indirectly up-regulating the protein levels of one or more rate-limiting centriole 

structural components and therefore is required to meet normal centriole duplication kinetics and 

the demands of centriole reduplication (Fig. 1.1, S-phase). In order to fully understand how 

centriole duplication is tied to the cell cycle, the role of CDK2-cyclin E/A in centriole 

duplication will require further investigation.  

 

Lastly, an additional (and remarkable) similarity between centriole duplication and DNA 

replication is the notion (well established and accepted for DNA, and experimentally supported 



24 
 

for centrioles) that each duplication process must be ‘‘licensed’’, specifically during mitosis, to 

allow duplication to begin in S-phase [74, 75]. For this discussion, licensing of centriole 

duplication refers to one or more molecular modifications of the centriole, which renders a 

centriole capable of assembling a procentriole in S-/G2-phase environments. As defined by Tsou 

and Stearns [75], and by analogy to the regulatory mechanisms of DNA replication, there are 

three criteria that a centriole licensing factor must satisfy: (1) the factor must ‘license’ the 

centriole prior to the duplication event at the G1/S-phase transition, (2) the factor should be 

inactivated or eliminated during all other cell cycle phases to limit duplication to only one event 

per cell cycle, and (3) ectopic activity of the licensing factor should induce centriole 

overduplication during permissible cell cycle phases (S and G2). In the case of DNA replication, 

licensing occurs when pre-replication complexes (pre-RC) assemble on DNA to define 

replication origins during late mitosis. Cdt1, a pre- RC protein and licensing factor for this 

process, then recruits the MCM helicase complex to allow replication during the subsequent S-

phase [58, 59]. MCM loading onto replication origins is the licensing event and rate-limiting step 

in this process [59, 76]. For any licensing scheme to function properly, the license must be 

rescinded after its use. In the case of DNA replication, Cdt1 is eliminated by ubiquitin-mediated 

proteolysis promoted by two different complexes, both belonging to the Cullin family of 

ubiquitin- ligases [76]. As an interesting parallel, one of these complexes –the Skp, Cullin, F-box 

(SCF) E3 ubiquitinligase– also regulates centriole duplication [76] (see below). Thus, 

degradation of the licensing factor Cdt1 blocks re-firing of replication origins, preventing 

possible genomic instability. Importantly, the licensing factor, Cdt1, is not distinct from the 

assembly factors in this process. Indeed, Cdt1 itself acts as both a licensing factor and as an 

assembly factor for DNA replication [77, 78].  
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Likewise, evidence suggests that a reversible molecular license is used to limit the timing and 

extent of centriole duplication, preventing centriole amplification which, like genomic 

amplification, could be detrimental to a cell and organism [3–8]. Currently, the molecular details 

of the licensing event for centriole duplication are incomplete but subject to increasing study. At 

present, two mechanisms have been identified that satisfy the licensing criteria outlined above; 

however, these mechanisms need not be mutually exclusive. First, the physical detachment of the 

daughter centriole from the mother centriole’s surface during mitotic exit—an event termed 

centriole disengagement— has been proposed to be a key licensing event, rendering both 

centrioles competent to duplicate in the subsequent S-phase [62]. Like the disjoining of sister 

chromatids, centriole disengagement is dependent upon the activities of both Plk1 kinase and the 

protease, separase, whose proteolytic activity is unleashed when securin, the separase inhibitor, 

is degraded by the anaphase promoting complex (APC) (Fig. 1.2a) [54]. Moreover, the separase 

substrate Scc1, a subunit of the cohesin complex which prevents sister chromatid disjunction 

from S-phase to anaphase, has been suggested to moonlight as the ‘molecular glue’ holding 

mother and daughter centrioles in an engaged conformation [79, 80].  
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Fig. 1.2 
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Licensing centrioles for duplication. (A) Centriole disengagement model. Engagement of the 

mother-daughter centriole pair blocks reduplication. Once disengagement occurs during late 

mitosis, the two centrioles are free to duplicate during S-phase. Exactly how the engaged state 

blocks a mother centriole from assembling a second daughter centriole, at the molecular level, is 

not clear. Nor is it understood what prevents the daughter centriole in the mother-daughter pair 

from assembling its own sibling as its surface is not occupied. However, recent studies suggest 

that PCM recruitment and progression through mitosis ‘modify’ new centrioles competent to 

duplicate in the next cell cycle. (B) We propose a second model for licensing involving the 

temporal regulation of the master-regulator, Plk4. During interphase, Plk4 auto-phosphorylates 

and becomes a target for SCFSlimb-mediated ubiquitination and eventual degradation; this 

process block centrioles reduplication. During mitosis, up-regulation of Twins completes the 

PP2ATwins phosphatase complex which dephosphorylates Plk4 and spares mitotic Plk4 from 

SCFSlimb-mediated destruction. Plk4 is recruited to centrioles and appears as an asymmetrically 

localized spot on the centriole surface. At this site, we hypothesize that Plk4 phosphorylates one 

or more substrates, generating a molecular license that primes centrioles for duplication during 

the subsequent S-phase. The presence of the newly-formed daughter centriole masks the licensed 

site on the parent centriole, thus limiting daughter centriole assembly to only one event per cell 

cycle. (C) Notably, stabilization of Plk4 drives centriole amplification and generates the rosette 

phenotype where multiple procentrioles extend simultaneously from a single mother centriole. 

This same phenotype is duplicated by a number of experimental treatments: overexpression of 

APC-resistant SAS-6, Cullin-1 depletion, HPV E7 overexpression or inhibition of proteasomal 

activity. (D) In some natural and experimental conditions, new centrioles will assemble without 

the assistance of a pre-existing centriole. This type of de novo centriole biogenesis has been 
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forced experimentally by overexpressing Plk4, Asterless (Asl), SAS-6 or SAS-4 in acentriolar, 

unfertilized Drosophila eggs or by laser ablating centrioles in cultured mammalian cells. 

Presumably, random associations of the critical proteins (probably two or more of the proteins 

mentioned) generate a complex that nucleates or catalyzes procentriole assembly. Since de novo 

biogenesis is typically not observed even in cells with reduplicating centrioles, then centrioles 

might normally suppress de novo biogenesis by some unknown mechanism 

 

This model for centriole duplication licensing is supported by elegant cell fusion experiments in 

which centriole duplication was assessed in G1- or G2-phase cells fused with S-phase cells. 

Wong and Stearns [61] showed that only one centriole pair in a G1-/S-phase cell fusion 

duplicated (presumably the centriole pair originally from the G1-phase cell), but no centriole 

duplication occurred in G2-/S-phase cell fusions. Because G1-phase centrioles are disengaged 

(i.e., mother and daughter centrioles had physically detached during the prior M-phase) while 

centrioles in G2-phase cells are engaged (i.e., nascent daughter centrioles are still tightly bound 

to their mothers), these results lent credence to the idea that disengagement is a key licensing 

event for duplication and that engagement is a centriole inherent block to reduplication. 

Likewise, in another set of ingenious experiments, Loncarek et al. [53] targeted and laser ablated 

a single centriole of engaged centriole pairs in HeLa and CHO cells. When the daughter centriole 

is ablated in S-phase arrested HeLa or CHO cells, the mother generates at least one new daughter 

centriole, supporting the idea of disengagement as a licensing mechanism. However, some of this 

study’s results appear to contradict this licensing model: when the mother centriole was ablated 

instead in HeLa cells, the daughter centriole was unable to reduplicate in S-phase arrested cells, 

even though the daughter centriole was no longer engaged to another centriole [53]. Therefore, 
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disengagement per se is insufficient to serve as the duplication license. The model was modified 

by Wang et al. [56] based on their observation that centrioles may require PCM to duplicate, and 

so a disengaged centriole will duplicate only if it possesses PCM during S-phase. Since newly 

formed (Sp hase) daughter centrioles lack PCM, this revised model now explains the inability of 

disengaged daughters to duplicate.  

 

Interestingly, when Loncarek et al. [53] ablated mother centrioles in CHO cells (a cell type that 

supports centriole amplification during prolonged S-phase arrest [81]), daughter centrioles were 

able to duplicate. One clue to the explanation for this contrary result in CHO cells is that mother 

centrioles of CHO cells can assemble multiple daughters when arrested in S-phase, regardless of 

their state of engagement [53]. Simply stated, if disengagement is a component of the license, 

then mother centrioles of CHO cells are defying the license. A second clue is that the phenotype 

of a mother centriole engaged with multiple engaged daughters is usually associated with 

deregulation of a key regulatory kinase, polo like kinase 4 (Plk4) (discussed in detail below), or 

one of its upstream regulators or, potentially, one of its downstream effectors [44, 82–87]. 

Therefore, these results suggest that disengagement/PCM may not be the only licensing factor 

for centriole duplication and support the possibility of a different centriole-intrinsic molecular 

modification that licenses centrioles for duplication.  

 

We propose a second mechanism of licensing centriole duplication founded upon another 

possible interpretation of the cell fusion and laser ablation experiments described above. That is, 

there is another centriole-inherent difference between G1- and G2-phase centrioles responsible 

for both the licensing event and the reduplication block (Fig. 1.2b). Specifically, prior to the start 
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of duplication, G1- phase centrioles have been exposed to a number of cell cycle-regulated 

proteins, most notably the conserved Plk4 [82, 88, 89], whose protein levels peak during mitosis 

but are sharply down-regulated during interphase [87, 90, 107]. Plk4, the functional homolog of 

C. elegans ZYG-1 kinase [91], is a master-regulator of centriole duplication, and its activity is 

required for the first steps of procentriole formation [44, 92]. It has been suggested that Plk4 

directly phosphorylates either an incoming or already-present centriole protein in order to seed 

procentriole formation [82, 89], arguing that Plk4 kinase activity is responsible for modifying 

one or more substrates on the centriole to enable duplication during S-phase. Corroborating this 

observation, Plk4 localizes to the outer surface of the proximal end of the mother centriole [44]. 

In C. elegans, ZYG-1 phosphorylates the key centriolar protein SAS-6, which targets SAS-6 to 

the emerging procentriole and thus promotes centriole duplication in vivo [93]. Less is known 

about Plk4 targets; Plk4 has not yet been shown to phosphorylate any core centriolar protein. 

However, Plk4 in mammalian cells was found to indirectly up-regulate SAS-6 protein levels by 

phosphorylating and thus inactivating FBXW5, a component of an SCF complex which targets 

SAS-6 for degradation [94]. However, this result conflicts with other published results that show 

SAS-6 levels are regulated by the APC [84] and that the Drosophila homolog of FBXW5, 

CG9144, plays no observable role in centrosome duplication in Drosophila S2 cells [87].  

Plk4 function is potentiated by several proteins. For example, in order for Plk4 to promote 

centriole duplication, it must be targeted to the centriole by the protein Asterless (Asl)/CEP152 

(the functional homolog of C. elegans SPD-2) which acts as a scaffold for centriole assembly and 

later for PCM recruitment [43, 95–99]. In addition, we have recently shown that Twins, the 

regulatory subunit of protein phosphatase 2A (PP2A), is required to stabilize Plk4 and thus 

activate this kinase during mitosis [90]. Plk4 is responsible for its own destruction; Plk4 
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homodimerizes and autophosphorylates in trans and the phosphorylated protein is rapidly 

ubiquitinated by the SCFSlimb E3 ubiquitin-ligase and subsequently destroyed by the 

proteasome [86, 87, 100– 104]. We found that Twins protein (like Plk4) is significantly elevated 

during mitosis, thus completing a PP2ATwins complex that dephosphorylates mitotic Plk4, 

sparing it from proteolysis during this brief window of time [90]. Interestingly, PP2A appears to 

have two distinct but complementary roles in C. elegans: while ZYG-1 levels are stabilized by 

PP2A coupled with the regulatory subunit B55 (a Twins ortholog), PP2AB55 also 

dephosphorylates SAS-5 to promote its stabilization and targeting of a SAS-5/SAS-6 complex to 

nascent centrioles [105, 106].  

 

Importantly, Plk4 satisfies all the criteria for a licensing factor regulating centriole duplication 

[75]. First, mouse and fly Plk4 mRNA and protein levels peak only once in a cell cycle (as 

determined by quantitative RT-PCR and immunoblots): strictly during mitosis, well before the 

duplication period of S-phase [87, 107]. Second, like the licensing factor regulating DNA 

replication [58–60], Plk4 is efficiently eliminated during interphase by SCF-mediated 

degradation, specifically by SCFSlimb/b-TrCP, which recognizes Plk4’s autophosphorylated 

phosphodegron (Fig. 1.2b) [86, 87, 90, 102, 103]. Only during mitosis does sufficient Twins 

accumulate to generate a PP2ATwins complex, which dephosphorylates and stabilizes Plk4 (Fig. 

1.2b) [90]. Third, any experimental manipulation that increases Plk4 levels (e.g., overexpression 

of wild-type Plk4, mutation of Plk4’s phosphodegron to make it nonphosphorylatable and thus 

non-degradable, down-regulation of SCFSlimb components, pharmacologic inhibition of the 

proteasome, or overexpression of Twins to stimulate PP2ATwins-mediated dephosphorylation of 

Plk4) leads to centriole reduplication and supernumerary centrioles [11, 20, 22, 44, 74, 83, 86, 
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87, 90]. Thus, the question of how Plk4 achieves its brief mitotic burst has now become a 

question of identifying the mechanism that up-regulates Twins levels during mitosis, and 

understanding how Twins is forced to synchronize with the cell cycle. Likely, additional factors 

that regulate Plk4 remain to be identified. Furthermore, though some information now exists to 

suggest which centriolar proteins might be substrates for Plk4 [99, 108], additional studies are 

required to compile and confirm the list of substrates and to analyze the functional consequences 

of Plk4-catalyzed phosphorylation. If Plk4 does license centriole duplication, then it is 

reasonable to expect that cells (like those in many cancers) which possess excess centrioles may 

also possess excess Plk4 or at least arose from progenitors with excessive Plk4 activity. Finally, 

an important goal is to determine whether Plk4 mis-regulation plays a role in cancer initiation or 

progression.  

 

1.5 Positive regulators of centriole amplification  

 
Table 1.1 
Proteins that promote centriole amplification 

Proteins Organism References 

Twins/B55 Dm [90] 

Plk4 Dm; Hs [20, 22, 44, 82] 

Asterless/Cep152 Dm [98] 

SAS-6 Dm; Hs [20, 84] 

SAS-5/Ana2/STIL Dm; Hs [109, 110] 

Cep63 Hs [115] 

Proteins observed to amplify centriole numbers when ectopically expressed. Interestingly, Twins 

and Plk4 display maximal levels during mitosis, and all but Twins and Asl/CEP152 have been 
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shown to be proteolytically degraded during interphase. Though they drive centriole 

amplification when overexpressed, they are also required for the initial steps of centriole 

duplication. 

Dm Drosophila melanogaster, Hs Homo sapiens 

 

Strikingly, most of the proteins that cause centriole amplification when ectopically expressed are 

the proteins involved in the early steps of centriole duplication (Table 1.1): Twins, Plk4, 

Asl/CEP152, SAS-5/Ana2/STIL and SAS-6 [20, 22, 44, 82, 84, 90, 98, 109–111]. 

Overexpression of Plk4, SAS-6 or SAS-5/Ana2/STIL not only drives centriole amplification, but 

each also produces a flower-like or rosette formation of multiple daughter centrioles growing 

from a single mother centriole (Fig. 1.2d) [44, 82, 84, 109, 110]. This phenotype is also observed 

upon depletion of Cullin-1 (an SCF component) and pharmacologic inhibition of the proteasome 

[83, 85]. Thus, overexpression of these proteins not only permits centriole amplification but also 

enables mother centrioles to spawn multiple daughters simultaneously; mother centrioles appear 

to be hyper-licensed. Interestingly, unfertilized, acentriolar Drosophila eggs induced to 

overexpress Asl/ CEP152, Plk4, or SAS-6 also share another phenotype, that is the ability to 

assemble new centrioles de novo (Fig. 1.2d) [20, 22, 98]. While these conditions might seem to 

be very artificial, in fact some cell types of some organisms normally display these phenotypes, 

perhaps even by expressing these key proteins at significantly elevated levels. For example, 

multi-ciliated cells are known to use both strategies, de novo centriole formation and the 

spawning of multiple daughters from one mother, in order to provide the hundreds of basal 

bodies required by these cells [23, 25, 112]. Also, multiple centrioles form de novo during insect 
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parthenogenesis from oocytes that are naturally acentriolar, or following microsurgery or laser 

ablation of the endogenous centrioles in HeLa cells and untransformed cells [17–19, 113, 114]. 

Interestingly, in the case of centriole ablation, multiple centrioles are seen to form in the 

cytoplasm with an apparent lack of copy number control, supporting the hypothesis that, in some 

cells, pre-existing centrioles block de novo assembly—a restriction apparently not present in 

multi-ciliated cells [21, 53, 113]. In the case of unfertilized Drosophila eggs, de novo centriole 

production is typically suppressed, perhaps because the earliest steps of procentriole assembly 

are kinetically or thermodynamically unfavorable. In this case, the license on a mother centriole 

could simply act as a nucleator of procentriole assembly, in a manner reminiscent of the 

nucleated assembly of microtubules. This could occur if the licensed mother centriole binds the 

protein subunits involved in procentriole assembly, creating a local environment of relatively 

high subunit concentrations that favors assembly. Or the license could actually function to 

stabilize a cartwheel-like template to induce procentriole assembly, thus circumventing an 

assembly step that otherwise might be slow and rate-limiting. Only further experimentation and 

modeling will reveal the true mechanism-of-action.  

 

Since these proteins share such similar phenotypes when overexpressed, it would not be 

surprising if they not only act upon the same pathway in centriole duplication but also interact 

with each other. Indeed, PP2ATwins/B55 has been shown to bind the C. elegans SAS-5/SAS-6 

complex, and its activity targets SAS-5/SAS-6 to centrioles in early embryos [105, 106]. In 

addition, PP2ATwins/B55 up-regulates both SAS-5 and ZYG-1 protein levels, and stabilizes 

Plk4 levels in Drosophila S2 cells [90, 105]. As mentioned previously, ZYG-1 is sequestered to 

centrioles by the protein SPD-2 and phosphorylates SAS-6 which promotes SAS-6 localization 
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to the mother centriole [93]. In turn, Plk4 has been shown to require SPD-2’s functional 

homolog, Asl/Cep152, before it can target mother centrioles to promote centriole duplication 

[97–99]. Likewise, the Plk4-binding domain of Asl is required to promote de novo centriole 

formation in unfertilized Drosophila eggs upon Asl overexpression [98]. There are currently 

conflicting reports as to whether the human Asl homolog, CEP152, is required to localize Plk4 to 

centrioles [97, 99]. Interestingly, in human cells, the coiled-coil protein Cep63, which is required 

to localize Cep152 to centrioles, also promotes de novo centriole production when overexpressed 

[115, 116]. In any case, it is suggestive that all of the proteins that cause centriole amplification 

upon overexpression act very early in the centriole duplication process. However, protein levels 

of Twins and Plk4 peak during mitosis, temporally far removed from the duplication process 

which occurs during S-phase [87, 90]. A thorough understanding of centriole amplification will 

be possible only when the details of the molecular interactions of these proteins are known.  

 

1.6 Negative regulators of centriole amplification  

Table 1.2 
Proteins that prevent centrosome overduplication 

Proteins Organism References 

SKP1/SkpA Dm [86, 87, 120] 

CUL1 Dm; Hs [85–87] 

Slimb/beta-TrCP Dm; Hs [86, 87, 118, 119] 

Nucleophosmina Hs; Mm [67, 71, 121] 

SKP2b Dm; Mm [87, 117] 

p53c Hs; Mm [126–129] 

CDK1d Dm [136] 

BRCA1 Hs; Mm [122–124] 
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Proteins Organism References 

Cdc14B Hs [133] 

Geminin Hs [134, 135] 

Orc1 Hs [132] 

 

After down-regulating these proteins, centrioles are amplified. Several of these proteins are 

involved in degrading Plk4 during interphase to block centriole amplification (Skp1, Cul1, and 

Slimb/β-TrCP). BRCA1 has been implicated in degrading gamma tubulin, while p53 and Orc1 

have been implicated in down-regulating cyclin E levels. Nucleophosmin is implicated in 

centriole tethering. The role of Cdc14B in centriole duplication is unknown. Proteins required for 

cytokinesis are excluded from the list. 

Dm Drosophila melanogaster, Hs Homo sapiens, Mm Mus musculus 

aIncrease might be due to premature centriole untethering 

bIncrease might be due to endoreduplication cycling 

cConflicting experimental results 

dAmplification occurs without disengagement 

 

Numerous proteins are negative regulators of centriole amplification. That is, down-regulation of 

these proteins causes the centriole number per cell to significantly increase without any increase 

in ploidy (thus excluding those proteins required for cytokinesis) (Table 1.2). As might be 

expected, several of these proteins normally downregulate positive regulators of centriole 

duplication. Most conspicuous are the SCF components Skp1, Cullin-1, Slimb/b-TrCP, and 

FBXW5 [85–87, 94, 102, 103, 117– 120]. Skp1, Cul-1, and Slimb/b-TrCP’s sole responsibilities 

in centriole duplication are to down-regulate Plk4 throughout the cell cycle to prevent 
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reduplication [85–87, 102, 103]. In fact, expression of non-degradable Plk4, down-regulation of 

the SCFSlimb complex, or even inhibition of the proteasome is sufficient to cause the rosette 

phenotype, presumably due to an increase of Plk4 levels even though endogenous Plk4 is still 

undetectable [83, 85– 87]. These results underscore the potency of Plk4 and the necessity of 

closely regulating Plk4 levels to block centriole amplification.  

 

The functions of the other negative regulators of centriole amplification are less understood. 

Knockdown of the SCF subunit, Skp2, has also been shown to increase centrosome numbers [87, 

117]. In this case, however, amplification may result from an unexpected effect: Skp2 depletion 

or mutation has been reported to force cells to enter an endoreduplication cycle, because the 

ploidy number also increases after Skp2 loss-of-function. Though the phenotype is not conserved 

in Drosophila, knockdown of human FBXW5 leads to centriole amplification presumably by 

increasing SAS-6 levels [94]. Loss of nucleophosmin was once thought to license the centriole 

for duplication because nucleophosmin knockdown results in centriole amplification [121]. 

However, this result might be explained by the fact that nucleophosmin facilitates centriole 

tethering, and so the centriole number only appears to increase as the untethered centrioles 

separate in the treated cells [71]. Interestingly, knockdown of BRCA1, implicated in 

ubiquitinating nucleophosmin, leads to centriole amplification even though the subsequent 

increase of nucleophosmin would be expected to obstruct amplification [122, 123]. This 

quandary might be resolved by another study which found that BRCA1 knockdown increases 

centrosome number by increasing the protein levels of gamma tubulin, a PCM component [124]. 

This result is corroborated by the observation that de novo centriole assembly occurs within 

clouds of PCM, suggesting that PCM plays an important role in centriole biogenesis [21, 53, 
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125]. p53 depletion also results in centriole amplification [126]; however, the results are mixed 

and depend on the cell types employed in the different experiments [126–129]. One possible 

mechanism for this increase in centriole number might be the fact that p53 has been implicated in 

either directly or indirectly downregulating Plk4 levels. Thus, the loss of p53 might increase Plk4 

levels, leading to centriole amplification [130]. Yet another study reported an increase in cyclin 

E levels upon loss of p53 [131], which could explain centriole amplification in some cell types. 

Likewise, ORC1 suppresses cyclin E levels, and thus a decrease of ORC1 would elevate cyclin E 

levels and so drive centriole amplification [132]. Finally, knockdown or inactivation of geminin, 

Cdc14B or CDK1 amplifies centrioles [133–136]. The roles of these proteins in centriole 

duplication and amplification have yet to be elucidated; however, it is of particular interest to 

note that CDK1 inactivation in Drosophila wing imaginal disk cells not only leads to centriole 

amplification but also prevents their disengagement. In this case, EM analysis of treated cells 

revealed extended chains consisting of multiple, engaged centrioles [136]. It will be interesting 

to determine whether or how these negative regulators of centriole/centrosome duplication 

influence the centriole disengagement and/or Plk4 pathways. Furthermore, cancer cells 

frequently display centriole amplification but the molecular alterations that give rise to this 

phenomenon are not known. This may be due to the inactivation of specific negative regulators 

or the overexpression of positive regulators outlined above (or some combination thereof). 

Clearly, a quantitative comparison of the levels of centriolar subunits and their regulators (both 

mRNA and protein) in transformed and non-transformed cells is an important goal in providing 

mechanistic insight into centriole amplification. 

 

1.7 Pathogens that promote centrosome amplification in host cells  
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Table 1.3 
Pathogens that promote centrosome amplification 

Pathogens Organism References 

Simian virus 40 Small Tumor Antigen Dm; Hs [90, 141] 

Human papillomavirus E7 Hs [144, 151] 

T cell leukemia virus typ-1 Tax Hs [147] 

Hepatitis B virus oncoprotein X Hs [150] 

Human adenovirus E1A Hs [154] 

Adeno-associated virus type 2 Hs [143] 

Chlamydia trachomatis Hs [142] 

Pathogenic organisms and proteins known to cause centrosome amplification in host cells. The 

mechanisms by which Chlamydia trachomatis and Adeno-associated virus type 2 amplify 

centrosomes is not known. HPV E6, TCLV Tax, and Hepatitis B virus oncoprotein X have all 

been implicated in down-regulating p53 levels, which has been suggested to be a negative 

regulator of Plk4 activity. HPV E7 and SV40 ST have both been implicated in up-regulating 

Plk4 levels, HPV E7 by increasing Plk4 mRNA levels and SV40 ST by interacting with PP2A to 

dephosphorylate Plk4 to promote its stability 

Dm Drosophila melanogaster, Hs Homo sapiens 

 

Several tumorigenic viruses and a single bacterium are known to amplify centrosomes (and in 

some cases centrioles) in infected host cells (Table 1.3). Until recently, the mechanistic basis of 

pathogen-induced centrosome amplification was unknown, but two reasons justify the detailed 

study of the molecular strategies employed by pathogens to increase centrosome number. First, 

centrosome amplification by viruses correlates with aneuploidy and tumorigenesis [137], and the 
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medical consequences of this phenomenon obviously justify its study. Second, analysis of 

centrosome deregulation in infected cells should reveal the identity and nature of the normal 

blocks to centrosome amplification. For example, the small tumor antigen (ST) of simian virus 

40 (SV40) has been shown to specifically bind and inhibit PP2A activity by displacing the 

endogenous regulatory subunits from binding the structural subunit of the holoenzyme [138–

140]. Previously, SV40 ST was thought to inhibit all PP2A activity, and so SV40 ST 

overexpression is regularly used to inhibit PP2A activity in cells [138–140]. When 

overexpression of ST was observed to amplify centrosomes in human and fly cells, it was logical 

to conclude that amplification was a result of PP2A inhibition [141]. However, we recently 

demonstrated that ST is not a global inhibitor of PP2A, but instead alters PP2A’s substrate 

specificity in cultured Drosophila S2 cells [90]. In this study, SV40 ST expression induced 

centriole amplification but failed to do so when the cells were also treated with okadaic acid, an 

inhibitor of PP2A’s catalytic subunit, demonstrating that SV40 ST requires PP2A activity in 

order to amplify centrioles. Indeed, our results are consistent with the following model: SV40 ST 

binds PP2A in infected cells, displaces the endogenous regulatory subunits, and re-directs PP2A 

to dephosphorylate Plk4 at inappropriate times of the cell cycle [90]. As described above, 

dephosphorylated Plk4 is hyper-stabilized and drives centriole amplification [86, 87, 102, 103]. 

Since ST overexpression stimulates centrosome amplification in cultured Drosophila and human 

cells [141], and since ST influences the PP2A/Plk4 regulatory pathway in Drosophila, then a 

simple inference is that the PP2A/Plk4 regulatory pathway is conserved in humans. This finding, 

along with the new knowledge that PP2A activity actually promotes (rather than inhibits) 

centriole duplication, highlights the value of carefully studying the effects of viral proteins on 

regulating centriole duplication.  
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Currently, the literature offers intriguing but limited insights into the mechanism-of-action or the 

protein(s) responsible for centrosome/centriole amplification in Chlamydia trachomatis or 

Adeno-associated virus type 2 (AAV2) infections [142, 143]. AAV2 infection induces centriole 

overduplication by a process dependent on the kinases CDK2 and Chk1 [143]. Moreover, 

expression of AAV2 oncoprotein E1A is sufficient to drive centriole amplification [154]. The 

amino-terminus of E1A binds the small GTPase Ran and this interaction is required to induce 

centriole amplification. How this interaction affects Ran activity in cells and how Ran 

participates in centriole duplication is not clear. In the case of human papillomavirus E6 and E7 

[144, 145], T cell leukemia virus type-1 Tax [146, 147] and Hepatitis B virus oncoprotein X 

[148– 150], p53 and p21 appear to be common targets for these virally encoded proteins 

responsible for increasing centrosome number. Though knockdown of either p53 or p21 

promotes centriole amplification in some cells lines [126– 129, 151], the molecular events 

responsible for amplification are unknown, and therefore viral proteins may actually target other 

components of the network regulating centrosome duplication. As a case in point, given the 

potency and importance of Plk4, it would not be surprising if viral proteins besides SV40 ST also 

stabilize Plk4. Intriguingly, expression of HPV E7 not only elevates Plk4 mRNA levels [152] 

but, like SV40 ST, also physically associates with PP2A [153]. In the future, it will be important 

to elucidate the effect of other pathogenic proteins on the PP2A/Slimb/ Plk4 regulatory pathway 

for each pathogenic protein implicated in centrosome amplification. 

 

1.8 Conclusions and future perspectives  

Our understanding of centriole duplication has greatly expanded in recent years, along with our 

knowledge of the mechanisms regulating this process. Researchers now have both the means and 
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the motivation to explore these issues. Recent advances in experimental techniques (functional 

genomic RNAi-based screening and structured illumination microscopy, as examples) and the 

complete sequencing of the genomes of several model systems have greatly enhanced 

researchers’ abilities to analyze these complex events, and so further advances to our knowledge 

should come rapidly. Since many fundamentally important processes (like stem cell division, 

embryonic development and cell locomotion) depend on centrosome function, the motivation to 

understand when and how cells fail to properly maintain their centriole number is clear. In 

addition, while it would be intriguing and intellectually satisfying to understand why some 

pathogens manipulate centrosome regulatory pathways, it is imperative that future studies 

continue to explore the molecular processes involved, given that the consequences of these 

manipulations are potentially dire to humans and that this knowledge might allow development 

of therapies to combat the tumorigenic potential of these pathogens.  

 

We expect the pathways which regulate centriole biogenesis to be complex, but likely as 

phylogenetically conserved as these ancient organelles are themselves. Proper centriole number 

is necessary for proper centriole function, and so cells and organisms are probably subjected to a 

substantial selective pressure to control centriole duplication. Since centrioles normally duplicate 

once and only once per cell cycle, it will be particularly instructive to study cell types (like multi-

ciliated cells or cancer cells) that fail to follow this general rule. Knowledge of the safeguards 

and how they may fail could further our understanding of the etiology of diseases such as cancer, 

dwarfism, primary microcephaly, and polycystic kidney disease. 

 
1.9 References 
 



43 
 

1. Song MH, Miliaras NB, Peel N, O’Connell KF (2008) Centrioles: some self-assembly 

required. Curr Opin Cell Biol 20:688–693 

2. Nigg EA (2007) Centrosome duplication: of rules and licenses. Trends Cell Biol 17(215):221 

3. Ganem NJ, Godinho SA, Pellman D (2009) A mechanism linking extra centrosomes to 

chromosomal instability. Nature 460:278–282 

4. Silkworth WT, Nardi IK, Scholl LM, Cimini D (2009) Multipolar spindle pole coalescence is 

a major source of kinetochore mis-attachment and chromosome mis- segregation in 

cancer cells. PLoS One 4:e6564 

5. Crasta K, Ganem NJ, Dagher R, Lantermann AB, Ivanova EV, Pan Y, Nezi L, Protopopov A, 

Chowdhury D, Pellman D (2012) DNA breaks and chromosome pulverization from 

errors in mitosis. Nature 482:53–58 

6. Storchova Z, Pellman D (2004) From polyploidy to aneuploidy, genome instability and 

cancer. Nat Rev Mol Cell Biol 5:45–54 

7. Pellman D (2007) Aneuploidy and cancer. Nature 446:38–39 

8. Pihan GA, Wallace J, Zhou Y, Doxsey SJ (2003) Centrosome abnormalities and chromosome 

instability occur together in pre-invasive carcinomas. Cancer Res 63:1398–1404 

9. Rusan NM, Peifer M (2007) A role for a novel centrosome cycle in asymmetric cell division. J 

Cell Biol 177:13–20 

10. Castellanos E, Dominguez P, Gonzalez C (2008) Centrosome dysfunction in Drosophila 

neural stem cells causes tumors that are not due to genome instability. Curr Biol 

18:1209–1214 

11. Basto R, Brunk K, Vinadogrova T, Peel N, Franz A, Khodjakov A, Raff JW (2008) 

Centrosome amplification can initiate tumorigenesis in flies. Cell 133:1032–1042 

12. Basto R, Lau J, Vinogradova T, Gardiol A, Woods CG, Khodjakov A, Raff JW (2006) Flies 

without centrioles. Cell 125:1375–1386 

13. Delaval B, Doxsey S (2008) Dwarfism, where pericentrin gains stature. Science 319:732–733 

14. Delaval B, Doxsey SJ (2010) Pericentrin in cellular function and disease. J Cell Biol 

188:181–190 

15. Simons M, Walz G (2006) Polycystic kidney disease: cell division without a c(l)ue? Kidney 

Int 70:854–864 



44 
 

16. Kochanski RS, Borisy GG (1990) Mode of centriole duplication and distribution. J Cell Biol 

110:1599–1605 

17. Riparbelli MG, Callaini G (2003) Drosophila parthenogenesis: a model for de novo 

centrosome assembly. Dev Biol 260:298–313 

18. Riparbelli MG, Stouthamer R, Dallai R, Callaini G (1998) Microtubule organization during 

the early development of the parthenogenetic egg of the hymenopteran Muscidifurax 

uniraptor. Dev Biol 19:589–599 

19 .Ferree PM, McDonald K, Fasulo B, Sullivan W (2006) The origin of centrosomes in 

parthenogenetic hymenopteran insects. Curr Biol 16:801–807 

20. Peel N, Stevens NR, Basto R, Raff JW (2007) Overexpressing centriole replication proteins 

in vivo induces centriole overduplication and de novo formation. Curr Biol 17:834–843 

21. Khodjakov A, Rieder CL, Sluder G, Cassels G, Sibon O, Wang CL (2002) De novo 

formation of centrosomes in vertebrate cells arrested during S phase. J Cell Biol 

158:1171–1181 

22 .Rodrigues-Martins A, Riparbelli M, Callaini G, Glover DM, Bettencourt-Dias M (2007) 

Revisiting the role of the mother centriole in centriole biogenesis. Science 316:1046–

1050 

23. Dirksen ER (1991) Centriole and basal body formation during ciliogenesis revisited. Biol 

Cell 72:31–38 

24. Kallenbach RJ, Mazia D (1982) Origin and maturation of centrioles in association with the 

nuclear envelope in hypertonic-stressed sea urchin eggs. Eur J Cell Biol 28:68–76 

25. Anderson RG, Brenner RM (1971) The formation of basal bodies (centrioles) in the Rhesus 

monkey oviduct. J Cell Biol 50:10–34 

26. Kuriyama R, Borisy GG (1981) Centriole cycle in Chinese hamster ovary cells as determined 

by whole-mount electron microscopy. J Cell Biol 91:814–821 

27. Robbins E, Jentzsch G, Micali A (1968) The centriole cycle in synchronized HeLa cells. J 

Cell Biol 36:329–339 

28. Vorobjev IA, Chentsov YuS (1982) Centrioles in the cell cycle, I. Epithelial cells. J Cell Biol 

93:938–949 

29. Alvey PL (1985) An investigation of the centriole cycle using 3T3 and CHO cells. J Cell Sci 

78:147–162 



45 
 

30. Pelletier L, O’Toole E, Schwager A, Hyman AA, Muller-Reichert T (2006) Centriole 

assembly in Caenorhabditis elegans. Nature 444:619–623 

31. Leidel S, Delattre M, Cerutti L, Baumer K, Gonczy P (2005) SAS-6 defines a protein family 

required for centrosome duplication in C. elegans and in human cells. Nat Cell Biol 

7:115–125 

32. Dammerman A, Muller-Reichert T, Pelletier L, Habermann B, Desai A, Oegema K (2004) 

Centriole assembly requires both centriolar and pericentriolar material proteins. Dev Cell 

7:815–829 

33. Nakazawa Y, Hiraki M, Kamiya R, Hirono M (2007) SAS-6 is a cartwheel protein that 

establishes the 9-fold symmetry of the centriole. Curr Biol 17:2169–2174 

34. van Breugel M, Hirono M, Andreeva A, Yanagisawa HA, Yamaguchi S, Nakazawa Y, 

Morgner N, Petrovich M, Ebong IO, Robinson CV, Johnson CM, Veprintsev D, Zuber B 

(2011) Structures of SAS-6 suggest its organization in centrioles. Science 331:1196–1199 

35. Kitagawa D, Vakonakis I, Olieric N, Hilbert M, Keller D, Olieric V, Bortfeld M, Erat MC, 

Fluckiger I, Gonczy P (2011) Structural basis of the 9-fold symmetry of centrioles. Cell 

144:364–375 

36. Hiraki M, Nakazawa Y, Kamiya R, Hirono M (2007) Bld10p constitutes the cartwheel-spoke 

tip and stabilizes the 9-fold symmetry of the centriole. Curr Biol 17:1778–1783 

37. Delattre M, Leidel S, Wani K, Baumer K, Bamat J, Schnabel H, Feichtinger R, Schnabel R, 

Gonczy P (2004) Centriolar SAS-5 is required for centrosome duplication in C. elegans. 

Nat Cell Biol 6:656–664 

38. Stevens NR, Dobbelaere J, Brunk K, Franz A, Raff JW (2010) Drosophila Ana2 is a 

conserved centriole duplication factor. J Cell Biol 188:313–323 

39. Stevens NR, Roque H, Raff JW (2010) Sas-6 and Ana2 coassemble into tubules to promote 

centriole duplication and engagement. Dev Cell 19:913–919 

40. Leidel S, Gonczy P (2003) SAS-4 is essential for centrosome duplication in C. elegans and is 

recruited to daughter centrioles once per cell cycle. Dev Cell 4:431–439 

41. Kirkham M, Muller-Reichert T, Oegema K, Grill S, Hyman AA (2003) SAS-4 is a C. elegans 

centriolar protein that controls centrosome size. Cell 112:575–587 



46 
 

42. Kohlmaier G, Loncarek J, Meng X, McEwen BF, Mogensen MM, Spektor A, Dynlacht BD, 

Khodjakov A, Gonczy P (2009) Overly long centrioles and defective cell division upon 

excess of the SAS-4-related protein CPAP. Curr Biol 19:1012–1018 

43. Gopalakrishnan J, Mennella V, Blachon S, Zhai B, Smith AH, Megraw TL, Nicastro D, Gygi 

SP, Agard DA, Avidor-Reiss T (2011) Sas-4 provides a scaffold for cytoplasmic 

complexes and tethers them in a centrosome. Nat Commun 2:359. 

doi:10.1038/ncomms1367 

44. Kleylein-Sohn J, Westendorf J, Le Clech M, Habedanck R, Stierhof YD, Nigg EA (2007) 

Plk4-induced centriole biogenesis in human cells. Dev Cell 13:190–202 

45. Spektor A, Tsang WY, Khoo D, Dynlacht BD (2007) Cep97 and CP110 suppress a cilia 

assembly program. Cell 130:678–690 

46. Chen Z, Indjeian VB, McManus M, Wang L, Dynlacht BD (2002) CP110, a cell cycle-

dependent CDK substrate, regulates centrosome duplication in human cells. Dev Cell 

3:339–350 

47. Schmidt TI, Kleylein-Sohn J, Westendorf J, Le Clech M, Lavoie SB, Stierhof YD, Nigg EA 

(2009) Control of centriole length by CPAP and CP110. Curr Biol 19:1005–1011 

48. Singla V, Romaguera-Ros M, Garcia-Verdugo JM, Reiter JF (2010) Ofd1, a human disease 

gene, regulates the length and distal structure of centrioles. Dev Cell 18:410–424 

49. Kobayashi T, Dynlacht BD (2011) Regulating the transition from centriole to basal body. J 

Cell Biol 193:435–444 

50. Hannak E, Kirkham M, Hyman AA, Oegema K (2001) Aurora-A kinase is required for 

centrosome maturation in Caenorhabditis elegans. J Cell Biol 155:1109–1116 

51. Berdnik D, Knoblich JA (2002) Drosophila Aurora-A is required for centrosome maturation 

and actin-dependent asymmetric protein localization during mitosis. Curr Biol 12:640–

647 

52. Lane HA, Nigg EA (1996) Antibody microinjection reveals an essential role for human polo-

like kinase 1 (Plk1) in the functional maturation of mitotic centrosomes. J Cell Biol 

135:1701–1713 

53. Loncarek J, Hergert P, Magidson V, Khodjakov A (2008) Control of daughter centriole 

formation by the pericentriolar material. Nat Cell Biol 103:22–28 



47 
 

54. Tsou MF, Wang WJ, George KA, Uryu K, Stearns T, Jallepalli PV (2009) Polo kinase and 

separase regulate the mitotic licensing of centriole duplication in human cells. Dev Cell 

17:344–354 

55. Loncarek J, Hergert P, Khodjakov A (2010) Centriole reduplication during prolonged 

interphase requires procentriole maturation governed by Plk1. Curr Biol 20:1277–1282 

56. Wang WJ, Soni RK, Uryu K, Tsou MF (2011) The conversion of centrioles to centrosomes: 

essential coupling of duplication with segregation. J Cell Biol 193:727–739 

57. Wu ZQ, Liu X (2008) Role for Plk1 phosphorylation of Hbo1 in regulation of replication 

licensing. Proc Natl Acad Sci USA 105:1919–1924 

58. Blow JJ, Dutta A (2005) Preventing re-replication of chromosomal DNA. Nat Rev Mol Cell 

Biol 6:476–486 

59. DePamphilis ML, Blow JJ, Ghosh S, Saha T, Noguchi K, Vassilev A (2006) Regulating the 

licensing of DNA replication origins in metazoa. Curr Opin Cell Biol 18:231–239 

60. Machida YJ, Hamlin JL, Dutta A (2005) Right place, right time, and only once: replication 

initiation in metazoans. Cell 12:313–324 

61. Wong C, Stearns T (2003) Centrosome number is controlled by a centrosome-intrinsic block 

to reduplication. Nat Cell Biol 5:539–544 

62. Tsou MF, Stearns T (2006) Mechanism limiting centrosome duplication to once per cell 

cycle. Nature 442:947–951 

63. Hinchcliffe EH, Li C, Thompson EA, Maller JL, Sluder G (1999) Requirement of Cdk2–

cyclin E activity for repeated centrosome reproduction in Xenopus egg extracts. Science 

283:851–854 

64. Lacey KR, Jackson PK, Stearns T (1999) Cyclin-dependent kinase control of centrosome 

duplication. Proc Natl Acad Sci USA 96:2817–2822 

65. Matsumoto Y, Hayashi K, Nishida E (1999) Cyclin-dependent kinase 2 (Cdk2) is required 

for centrosome duplication in mammalian cells. Curr Biol 9:429–432 

66. Meraldi P, Lukas J, Fry AM, Bartek J, Nigg EA (1999) Centrosome duplication in 

mammalian somatic cells requires E2F and Cdk2-cyclin A. Nat Cell Biol 1:88–93 

67. Okuda M, Horn HF, Tarapore P, Tokuyama Y, Smulian AG, Chan PK, Knudsen ES, 

Hofmann IA, Snyder JD, Bove KE, Fukasawa K (2000) Nucleophosmin/B23 is a target 

of CDK2-cyclin E in centrosome duplication. Cell 103:127–140 



48 
 

68. Fisk HA, Winey A (2001) The mouse Mps1p-like kinase regulates centrosome duplication. 

Cell 106:95–104 

69. Fisk HA, Mattison CP, Winey M (2003) Human Mps1 protein kinase is required for 

centrosome duplication and normal mitotic progression. Proc Natl Acad Sci USA 

100:14875–14880 

70. Kasbek C, Yang CH, Yusof AM, Chapman HM, Winey M, Fisk HA (2007) Preventing the 

degradation of mps1 at centrosomes is sufficient to cause centrosome reduplication in 

human cells. Mol Biol Cell 18:4457–4469 

71. Shinmura K, Tarapore P, Tokuyama Y, George KR, Fukasawa K (2005) Characterization of 

centrosomal association of nucleophosmin/B23 linked to Crm1 activity. FEBS Lett 

579:6621–6634 

72. Duensing A, Liu Y, Tseng M, Malumbres M, Barbacid M, Duensing S (2006) Cyclin-

dependent kinase 2 is dispensable for normal centrosome duplication but required for 

oncogene-induced centrosome overduplication. Oncogene 252:943–949 

73. Matsumoto Y, Maller JL (2002) Calcium, calmodulin, and CaMKII requirement for initiation 

of centrosome duplication in Xenopus egg extracts. Science 29:5499–5502 

74. Hinchcliffe EH, Cassels GO, CL Rieder, Sluder G (1998) The coordination of centrosome 

reproduction with nuclear events of the cell cycle in the sea urchin zygote. J Cell Biol 

140:1417–1426 

75. Tsou MF, Stearns T (2006) Controlling centrosome number: licenses and blocks. Curr Opin 

Cell Biol 18:74–78 

76. O’Connell BC, Harper JW (2007) Ubiquitin proteasome system (UPS): what can chromatin 

do for you? Curr Opin Cell Biol 19:206–214 

77. Ferenbach A, Li A, Brito-Martins M, Blow JJ (2005) Functional domains of the Xenopus 

replication licensing factor CDT. Nucleic Acids Res 33:316–324 

78. Wei Z, Liu C, Wu X, Xu N, Zhou B, Liang C, Zhu G (2010) Characterization and structure 

determination of the Cdt1 binding domain of human minichromosome maintenance 

(Mcm) 6. J Biol Chem 285:12469–12473 

79. Nakamura A, Arai H, Fujita N (2009) Centrosomal Aki1 and cohesion function in separase-

regulated centriole disengagement. J Cell Biol 187:607–614 



49 
 

80 Schöckel L, Möckel M, Mayer B, Boos D, Stemmann O (2011) Cleavage of cohesin rings 

coordinates the separation of centrioles and chromatids. Nat Cell Biol 13:966–972 

81. Balczon R, Bao L, Zimmer WE, Brown K, Zinkowski RP, Brinkley BR (1995) Dissociation 

of centrosome replication events from cycles of DNA synthesis and mitotic division in 

hydroxyurea-arrested Chinese hamster ovary cells. J Cell Biol 130:105–115 

82. Habedanck R, Stierhof YD, Wilkinson CJ, Nigg EA (2005) The Polo kinase Plk4 functions 

in centriole duplication. Nat Cell Biol 71:140–146 

83. Duensing A, Liu Y, Perdreau SA, Kleylein-Sohn J, Nigg EA, Duensing S (2007) Centriole 

overduplication through the concurrent formation of multiple daughter centrioles at single 

maternal templates. Oncogene 26:6280–6288 

84. Strnad P, Leidel S, Vinogradova T, Euteneuer U, Khodjakov A, Gönczy P (2007) Regulated 

HsSAS-6 levels ensure formation of a single procentriole per centriole during the 

centrosome duplication cycle. Dev Cell 13:203–213 

85. Korzeniewski N, Zheng L, Cuevas R, Parry J, Chatterjee P, Anderton B, Duensing A, 

Münger K, Duensing S (2009) Cullin 1 functions as a centrosomal suppressor of centriole 

multiplication by regulating polo-like kinase 4 protein levels. Cancer Res 69:6668–6675 

86. Cunha-Ferreira I, Rodrigues-Martins A, Bento I, Riparbelli M, Zhang W, Laue E, Callaini G, 

Glover DM, Bettencourt-Dias M (2009) The SCF/Slimb ubiquitin ligase limits 

centrosome amplification through degradation of SAK/PLK4. Curr Biol 19:43–49 

87. Rogers GC, Rusan NM, Roberts DM, Peifer M, Rogers SL (2009) The SCF Slimb ubiquitin 

ligase regulates Plk4/Sak levels to block centriole reduplication. J Cell Biol 184:225–239 

88. Fode C, Motro B, Yousefi S, Heffernan M, Dennis JW (1994) Sak, a murine protein-

serine/threonine kinase that is related to the Drosophila polo kinase and involved in cell 

proliferation. Proc Natl Acad Sci USA 91:6388–6392 

89. Bettencourt-Dias M, Rodrigues-Martins A, Carpenter L, Riparbelli M, Lehmann L, Gatt MK, 

Carmo N, Balloux F, Callaini G, Glover DM (2005) SAK/PLK4 is required for centriole 

duplication and flagella development. Curr Biol 152:199–207 

90. Brownlee CW, Klebba JE, Buster DW, Rogers GC (2011) The protein phosphatase 2A 

regulatory subunit twins stabilizes Plk4 to induce centriole amplification. J Cell Biol 

195:231–243 



50 
 

91. O’Connell KF, Caron C, Kopish KR, Hurd DD, Kemphues KJ, Li Y, White JG (2001) The 

C. elegans zyg-1 gene encodes a regulator of centrosome duplication with distinct 

maternal and paternal roles in the embryo. Cell 105:547–558 

92. Delattre M, Canard C, Gönczy P (2006) Sequential protein recruitment in C. elegans 

centriole formation. Curr Biol 16:1844–1849 

93. Kitagawa D, Busso C, Fluckiger I, Gönczy P (2009) Phosphorylation of SAS-6 by ZYG-1 is 

critical for centriole formation in C. elegans embryos. Dev Cell 17:900–907 

94. Puklowski A, Homsi Y, Keller D, May M, Chauhan S, Kossatz U, Grunwald V, Kubicka S, 

Pich A, Manns MP et al (2011) The SCF-FBXW5 E3-ubiquitin ligase is regulated by 

PLK4 and targets HsSAS-6 to control centrosome duplication. Nat Cell Biol 13:1004–

1009 

95. Blachon S, Gopalakrishnan J, Omori Y, Polyanovsky A, Church A, Nicastro D, Malicki J, 

Avidor-Reiss T (2008) Drosophila asterless and vertebrate Cep152 Are orthologs 

essential for centriole duplication. Genetics 180:2081–2094 

96. Varmark H, Llamazares S, Rebollo E, Lange B, Reina J, Schwartz H, Gonzalez C (2007) 

Asterless is a centriolar protein required for centrosome function and embryo 

development in Drosophila. Curr Biol 17:1735–1745 

97. Cizmecioglu O, Arnold M, Bahtz R, Settele F, Ehret L, Haselmann-Weiss U, Antony C, 

Hoffmann I (2010) Cep152 acts as a scaffold for recruitment of Plk4 and CPAP to the 

centrosome. J Cell Biol 191:731–739 

98. Dzhindzhev NS, Yu QD, Weiskopf K, Tzolovsky G, Cunha-Ferreira I, Riparbelli M, 

Rodrigues-Martins A, Bettencourt-Dias M, Callaini G, Glover DM (2010) Asterless is a 

scaffold for the onset of centriole assembly. Nature 467:714–718 

99. Hatch EM, Kulukian A, Holland AJ, Cleveland DW, Stearns T (2010) Cep152 interacts with 

Plk4 and is required for centriole duplication. J Cell Biol 19:721–729 

100. Leung GC, Ho CS, Blasutig IM, Murphy JM, Sicheri F (2007) Determination of the 

Plk4/Sak consensus phosphorylation motif using peptide spot arrays. FEBS Lett 581:77–

83 

101. Sillibourne JE, Tack F, Vloemans N, Boeckx A, Thambirajah S, Bonnet P, Ramaekers FC, 

Bornens M, Grand-Perret T (2010) Autophosphorylation of pololike kinase 4 and its role 

in centriole duplication. Mol Biol Cell 21:547–561 



51 
 

102. Holland AJ, Lan W, Niessen S, Hoover H, Cleveland DW (2010) Polo-like kinase 4 kinase 

activity limits centrosome overduplication by autoregulating its own stability. J Cell Biol 

188:191–198 

103. Guderian G, Westendorf J, Uldschmid A, Nigg EA (2010) Plk4 transautophosphorylation 

regulates centriole number by controlling betaTrCP-mediated degradation. J Cell Sci 

123:2163–2169 

104. Leung GC, Hudson JW, Kozarova A, Davidson A, Dennis JW, Sicheri F (2002) The Sak 

polo-box comprises a structural domain sufficient for mitotic subcellular localization. Nat 

Struct Biol 9:719–724 

105. Song MH, Liu Y, Anderson DE, Jahng WJ, O’Connell KF (2011) Protein phosphatase 2A-

SUR-6/B55 regulates centriole duplication in C. elegans by controlling the levels of 

centriole assembly factors. Dev Cell 20:563–571 

106. Kitagawa D, Fluckiger I, Polanowska J, Keller D, Reboul J, Gönczy P (2011) PP2A 

phosphatase acts upon SAS-5 to ensure centriole formation in C. elegans embryos. Dev 

Cell 20:550–562 

107. Fode C, Binkert C, Dennis JW (1996) Constitutive expression of murine Sak-a suppresses 

cell growth and induces multinucleation. Mol Cell Biol 16:4665–4672 

108. Chang J, Cizmecioglu O, Hoffmann I, Rhee K (2010) PLK2 phosphorylation is critical for 

CPAP function in procentriole formation during the centrosome cycle. EMBO J 29:2395–

2406 

109. Tang CJ, Lin SY, Hsu WB, Lin YN, Wu CT, Lin YC, Chang CW, Wu KS, Tang TK (2011) 

The human microcephaly protein STIL interacts with CPAP and is required for 

procentriole formation. EMBO J 30:4790–4804 

110. Arquint C, Sonnen KF, Stierhof YD, Nigg EA (2012) Cell-cycle-regulated expression of 

STIL controls centriole number in human cells. J Cell Sci 125:1342–1352 

111. Vulprecht J, David A, Tibelius A, Castiel A, Konotop G, Liu F, Bestvater F, Raab MS, 

Zentgraf H, Izraeli S, Krämer A (2012) STIL is required for centriole duplication in 

human cells. J Cell Sci 125:1353–1362 

112. Hagiwara H, Ohwada N, Takata K (2004) Cell biology of normal and abnormal ciliogenesis 

in the ciliated epithelium. Int Rev Cytol 234:101–141 



52 
 

113. La Terra S, English CN, Hergert P, McEwen BF, Sluder G, Khodjakov A (2005) The de 

novo centriole assembly pathway in HeLa cells: cell cycle progression and centriole 

assembly/maturation. J Cell Biol 168:713–722 

114. Uetake Y, Loncarek J, Nordberg JJ, English CN, La Terra S, Khodjakov A, Sluder G (2007) 

Cell cycle progression and de novo centriole assembly after centrosomal removal in 

untransformed human cells. J Cell Biol 176:173–182 

115. Löffler H, Fechter A, Matuszewska M, Saffrich R, Mistrik M, Marhold J, Hornung C, 

Westermann F, Bartek J, Krämer A (2011) Cep63 recruits Cdk1 to the centrosome: 

implications for regulation of mitotic entry, centrosome amplification, and genome 

maintenance. Cancer Res 71:2129–2139 

116. Sir JH, Barr AR, Nicholas AK, Carvalho OP, Khurshid M, Sossick A, Reichelt S, D’Santos 

C, Woods CG, Gergely F (2011) A primary microcephaly protein complex forms a ring 

around parental centrioles. Nat Genet 43:1147–1153 

117. Nakayama K, Nagahama H, Minamishima YA, Matsumoto M, Nakamichi I, Kitagawa K, 

Shirane M, Tsunematsu R, Tsukiyama T, Ishida N, Kitagawa M, Nakayama K, 

Hatakeyama S (2000) Targeted disruption of Skp2 results in accumulation of cyclin E 

and p27 (Kip1), polyploidy and centrosome overduplication. EMBO J 19:2069–2081 

118. Wojcik EJ, Glover DM, Hays TS (2000) The SCF ubiquitin ligase protein slimb regulates 

centrosome duplication in Drosophila. Curr Biol 10:1131–1134 

119. Guardavaccaro D, Kudo Y, Boulaire J, Barchi M, Busino L, Donzelli M, Margottin-Goguet 

F, Jackson PK, Yamasaki L, Pagano M (2003) Control of meiotic and mitotic progression 

by the F box protein beta-Trcp1 in vivo. Dev Cell 4:799–812 

120. Murphy TD (2003) Drosophila skpA, a component of SCF ubiquitin ligase, regulates 

centrosome duplication independently of cyclin E accumulation. J Cell Sci 116:2321–

2332 

121. Wang W, Budhu A, Forgues M, Wang XW (2005) Temporal and spatial control of 

nucleophosmin by the Ran-Crm1 complex in centrosome duplication. Nat Cell Biol 

7:823–830 

122. Ko MJ, Murata K, Hwang DS, Parvin JD (2006) Inhibition of BRCA1 in breast cell lines 

causes the centrosome duplication cycle to be disconnected from the cell cycle. 

Oncogene 25:298–303 



53 
 

123. Sato K, Hayami R, Wu W et al (2004) Nucleophosmin/B23 is a candidate substrate for the 

BRCA1-BARD1 ubiquitin ligase. J Biol Chem 279:30919–30922 

124. Starita LM, Machida Y, Sankaran S, Elias JE, Griffin K, Schlegel BP, Gygi SP, Parvin JD 

(2004) BRCA1-dependent ubiquitination of γ-tubulin regulates centrosome number. Mol 

Cell Biol 24:8457–8466 

125. Shang Y, Tsao CC, Gorovsky MA (2005) Mutational analyses reveal a novel function of the 

nucleotide-binding domain of gamma-tubulin in the regulation of basal body biogenesis. 

J Cell Biol 171:1035–1044 

126. Fukasawa K, Choi T, Kuriyama R, Rulong S, Vande Woude GF (1996) Abnormal 

centrosome amplification in the absence of p53. Science 271:1744–1747 

127. Meraldi P, Honda R, Nigg EA (2002) Aurora-A overexpression reveals tetraploidization as 

a major route to centrosome amplification in p53−/− cells. EMBO J 21:483–492 

128. Borel F, Lohez OD, Lacroix FB, Margolis RL (2002) Multiple centrosomes arise from 

tetraploidy checkpoint failure and mitotic centrosome clusters in p53 and RB pocket 

protein-compromised cells. Proc Natl Acad Sci USA 99:9819–9824 

129. D’Assoro AB, Busby R, Suino K, Delva E, Almodovar–Mercado GJ, Johnson H, Folk C, 

Farrugia DJ, Vasile V, Stivala F, Salisbury JL (2004) Genotoxic stress leads to 

centrosome amplification in breast cancer cell lines that have an inactive G1/S cell cycle 

checkpoint. Oncogene 23:4068–4075 

130. Li J, Tan M, Li L, Pamarthy D, Lawrence TS, Sun Y (2005) SAK, a new polo-like kinase, 

is transcriptionally repressed by p53 and induces apoptosis upon RNAi silencing. 

Neoplasia 7:312–323 

131. Mandal S, Freije WA, Guptan P, Banerjee U (2010) Metabolic control of G1-S transition: 

cyclin E degradation by p53-induced activation of the ubiquitin-proteasome system. J 

Cell Biol 188:473–479 

132. Hemerly AS, Prasanth SG, Siddiqui K, Stillman B (2009) Orc1 controls centriole and 

centrosome copy number in human cells. Science 32:3789–3793 

133. Wu J, Cho HP, Rhee DB, Johnson DK, Dunlap J, Liu Y, Wang Y (2008) Cdc14B depletion 

leads to centriole amplification, and its overexpression prevents unscheduled centriole 

duplication. J Cell Biol 181:475–483 

 



54 
 

134. Lu F, Lan R, Zhang H, Jiang Q, Zhang C (2008) Geminin is partially localized to 

centrosome and plays a role in proper centrosome duplication. Biol Cell 101:273–285 

135. Tachibana KE, Gonzalez MA, Guarguaglini G, Nigg EA, Laskey RA (2005) Depletion of 

licensing inhibitor geminin causes centrosome overduplication and mitotic defects. 

EMBO Rep 6:1052–1057 

136. Vidwans SJ, Wong ML, O’Farrell PH (2003) Anomalous centriole configurations are 

detected in Drosophila wing disc cells upon Cdk1 inactivation. J Cell Sci 116:137–143 

137. Saunders W (2005) Centrosomal amplification and spindle multipolarity in cancer cells. 

Semin Cancer Biol 15:25–32 

138. Cho US, Morrone S, Sablina AA, Arroyo JD, Hahn WC, Xu W (2007) Structural basis of 

PP2A inhibition by small t antigen. PLoS Biol 5:e202 

139. Arroyo JD, Hahn WC (2005) Involvement of PP2A in viral and cellular transformation. 

Oncogene 24:7746–7755 

140. Chen Y, Xu Y, Bao Q, Xing Y, Li Z, Lin Z, Stock JB, Jeffrey PD, Shi Y (2007) Structural 

and biochemical insights into the regulation of protein phosphatase 2A by small t antigen 

of SV40. Nat Struct Mol Biol 14:527–534 

141. Kotadia S, Kao LR, Comerford SA, Jones RT, Hammer RE, Megraw TL (2008) PP2A-

dependent disruption of centrosome replication and cytoskeleton organization in 

Drosophila by SV40 small tumor antigen. Oncogene 27:6334–6346 

142. Johnson KA, Tan M, Sütterlin C (2009) Centrosome abnormalities during a Chlamydia 

trachomatis infection are caused by dysregulation of the normal duplication pathway. 

Cell Microbiol 11:1064–1073 

143. Ingemarsdotter C, Keller D, Beard P (2010) The DNA damage response to non-replicating 

adeno-associated virus: centriole overduplication and mitotic catastrophe independent of 

the spindle checkpoint. Virology 400:271–286 

144. Duensing S, Lee LY, Duensing A, Basile J, Piboonniyom S, Gonzalez S, Crum CP, Munger 

K (2000) The human papillomavirus type 16 E6 and E7 oncoproteins cooperate to induce 

mitotic defects and genomic instability by uncoupling centrosome duplication from the 

cell division cycle. Proc Natl Acad Sci USA 97:10002–10007 



55 
 

145. Scheffner M, Werness BA, Huibregtse JM, Levine AJ, Howley PM (1990) The E6 

oncoprotein encoded by human papillomavirus types 16 and 18 promotes the degradation 

of p53. Cell 63:1129–1136 

146. Tabakin-Fix Y, Azran I, Schavinky-Khrapunsky Y, Levy O, Aboud M (2006) Functional 

inactivation of p53 by human T-cell leukemia virus type 1 Tax protein: mechanisms and 

clinical implications. Carcinogenesis 27:673–681 

147. Nitta T, Kanai M, Sugihara E, Tanaka M, Sun B, Nagasawa T, Sonoda S, Saya H, Miwa M 

(2006) Centrosome amplification in adult T-cell leukemia and human T-cell leukemia 

virus type 1 Tax-induced human T cells. Cancer Sci 97:836–841 

148. Huo TI, Wang XW, Forgues M, Wu CG, Spillare EA, Giannini C, Brechot C, Harris CC 

(2001) Hepatitis B virus X mutants derived from human hepatocellular carcinoma retain 

the ability to abrogate p53-induced apoptosis. Oncogene 20:3620–3628 

149. Wang XW, Forrester K, Yeh H, Feitelson MA, Gu JR, Harris CC (1994) Hepatitis B virus 

X protein inhibits p53 sequence-specific DNA binding, transcriptional activity, and 

association with transcription factor ERCC3. Proc Natl Acad Sci USA 91:2230–2234 

150. Yun C, Cho H, Kim SJ, Lee JH, Park SY, Chan GK, Cho H (2004) Mitotic aberration 

coupled with centrosome amplification is induced by hepatitis B virus X oncoprotein via 

the Ras-mitogen-activated protein/extracellular signal-regulated kinase-mitogen-activated 

protein pathway. Mol Cancer Res 2:159–169 

151. Mantel C, Braun SE, Reid S, Henegariu O, Liu L, Hangoc G, Broxmeyer HE (1999) 

p21(cip-1/waf-1) deficiency causes deformed nuclear architecture, centriole 

overduplication, polyploidy, and relaxed microtubule damage checkpoints in human 

hematopoietic cells. Blood 93:1390–1398 

152. Korzeniewski N, Treat B, Duensing S (2011) The HPV-16 E7 oncoprotein induces centriole 

multiplication through deregulation of Polo-like kinase 4 expression. Mol Cancer 10:61 

153. Pim D, Massimi P, Dilworth SM, Banks L (2005) Activation of the protein kinase B 

pathway by the HPV-16 E7 oncoprotein occurs through a mechanism involving 

interaction with PP2A. Oncogene 24:7830–7838 

154. De Luca A, Mangiacasale R, Severino A, Malquori L, Baldi A, Palena A, Mileo AM, Lavia 

P, Paggi MG (2003) E1A deregulates the centrosome cycle in a Ran GTPase-dependent 

manner. Cancer Res 63:1430–1437 



56 
 

CHAPTER TWO: THE PROTEIN PHOSPHATASE 2A REGULATORY SUBUNIT TWINS 

STABILIZES PLK4 TO INDUCE CENTRIOLE AMPLIFICATION 

 

2.1 Abstract 

Centriole duplication is a tightly regulated process that must occur only once per cell cycle; 

otherwise, supernumerary centrioles can induce aneuploidy and tumorigenesis. Plk4 (Polo-like 

kinase 4) activity initiates centriole duplication and is regulated by ubiquitin-mediated 

proteolysis. Throughout interphase, Plk4 autophosphorylation triggers its degradation, thus 

preventing centriole amplification. However, Plk4 activity is required during mitosis for proper 

centriole duplication, but the mechanism stabilizing mitotic Plk4 is unknown. In this paper, we 

show that PP2A (Protein Phosphatase 2ATwins) counteracts Plk4 autophosphorylation, thus 

stabilizing Plk4 and promoting centriole duplication. Like Plk4, the protein level of PP2A’s 

regulatory subunit, Twins (Tws), peaks during mitosis and is required for centriole duplication. 

However, untimely Tws expression stabilizes Plk4 inappropriately, inducing centriole 

amplification. Paradoxically, expression of tumor-promoting simian virus 40 small tumor antigen 

(ST), a reported PP2A inhibitor, promotes centrosome amplification by an unknown mechanism. 

We demonstrate that ST actually mimics Tws function in stabilizing Plk4 and inducing centriole 

amplification. 

 

2.2 Introduction 

Centrosomes are the major microtubule-nucleating centers in higher eukaryotic cells and are 

important in organizing mitotic spindle poles. Mitotic cells must establish a bipolar spindle to 

accurately segregate chromosomes and cortical cell fate determinants. Central to this is the 
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precise duplication of the centrosome, a tiny organelle containing a pair of barrel-shaped 

centrioles, the duplicating elements of this organelle (Strnad and Gönczy, 2008). A centriole pair 

normally duplicates once per cell cycle, before mitosis, ensuring that only two centrosomes are 

present to guide bipolar spindle assembly (Tsou and Stearns, 2006). If this process goes awry, 

overproduction of centrosomes (i.e., centrosome amplification) can lead to transient multipolar 

spindle formation, with consequent errors in chromosome segregation and aneuploidy (Ganem et 

al., 2009; Silkworth et al., 2009). Aneuploidy is a known driving force for tumor formation 

(Weaver et al., 2007), and many human tumors contain cells with elevated centrosome numbers 

and aneuploidy (Lingle et al., 2002; Pihan et al., 2003). Furthermore, centrosome amplification 

in Drosophila melanogaster stem cells confers tumor-forming potential by inducing abnormal 

stem cell division and, consequently, altering polarity and cell fate (Basto et al., 2008; 

Castellanos et al., 2008). Notably, the mechanisms limiting centriole duplication to one event per 

cell cycle are unclear, and the molecular alterations that promote centriole amplification in 

cancerous cells are ill defined. 

 

Centriole duplication is governed by Plk4/Sak (Polo-like kinase 4/Snk-akin kinase), a conserved 

master regulator and initiator of centriole assembly (Fode et al., 1994; Bettencourt-Dias et al., 

2005; Habedanck et al., 2005). Although it is not clear how Plk4 initiates centriole duplication, 

Plk4 localizes to a “parent” centriole as a single asymmetric spot and modifies this site, making 

the parent competent for assembly of a procentriole (or “daughter” centriole; Kleylein-Sohn et 

al., 2007). Plk4 loss of function leads to a failure in centriole duplication (Bettencourt-Dias et al., 

2005; Habedanck et al., 2005). Conversely, Plk4 overexpression induces centriole amplification 

and can do so via three different pathways: (1) centriole reduplication (arising from the repeated 
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separation and duplication of centriole pairs; Rogers et al., 2009; Dzhindzhev et al., 2010), (2) 

multiple daughter centriole assembly (manifested as a single duplicating mother centriole 

assembling several daughters near simultaneously; Habedanck et al., 2005; Kleylein-Sohn et al., 

2007), or (3) de novo centriole assembly (Peel et al., 2007; Rodrigues-Martins et al., 2007). Plk4 

overexpression is oncogenic in Drosophila, promoting multipolar spindle formation in neural 

stem cells and conveying tumor-forming potential (Basto et al., 2008; Castellanos et al., 2008). 

Intriguingly, Plk4 also acts as a tumor suppressor, as Plk4 heterozygotic mice display a high 

incidence of spontaneous liver tumors containing dividing cells with supernumerary centrosomes 

and multipolar spindles (Ko et al., 2005). However, because Plk4 also functions in cytokinesis in 

mammalian cells, these particular phenotypes are likely the result of cytokinesis defects (Rosario 

et al., 2010). Interestingly, expression of several viral oncoproteins can also induce centrosome 

amplification, including SV40 small tumor antigen (ST), human papillomavirus E7, and hepatitis 

B oncoprotein X (Duensing et al., 2000; Yun et al., 2004; Kotadia et al., 2008). How these viral 

proteins alter the centriole duplication machinery is not known, but given the importance of Plk4 

in this process and its link to cancer, it seems possible that some viral oncoproteins directly 

influence Plk4 activity. 

 

Understanding Plk4 regulation is critical in gaining insight into both the fidelity of centriole 

duplication and the etiology of centriole amplification during tumorigenesis. Plk4 activity is 

primarily regulated by cell cycle control of its protein turnover rate (Fode et al., 1996; Rogers et 

al., 2009). During interphase, Plk4 is expressed but then maintained at low levels because of the 

activity of the SCF (Skp/Cullin/F-box) E3 ubiquitin ligase complex, which recognizes 

phosphorylated Plk4 via the F-box protein Slimb (β-TrCP in humans; Cunha-Ferreira et al., 
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2009; Korzeniewski et al., 2009; Rogers et al., 2009). Slimb localizes to centrioles throughout 

the cell cycle and is properly poised to target Plk4 for proteasome-mediated degradation, thus 

blocking Plk4 accumulation on centrioles and the ensuing centriole amplication that would occur 

(Rogers et al., 2009). During mitosis, however, Plk4 protein levels peak, decorating each 

centriole as a single asymmetric spot and endowing the centriole with the ability to duplicate 

(Rogers et al., 2009). Remarkably, Plk4 accumulates on mitotic centrioles in spite of centriole-

associated Slimb. Although our understanding of Plk4 down-regulation is increasing, it is not 

known how Plk4 is stabilized, nor is it clear how Plk4 regulation is altered during oncogenesis. 

In this study, we investigate the mechanism that stabilizes Plk4 and explore a causal link 

between viral oncogene expression, Plk4 misregulation, and centriole amplification. 

 

2.3 Results 

2.3.1 Drosophila Plk4 autophosphorylation promotes its degradation 
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Fig. S2.1 Illustration of the centrosome duplication cycle and the role and regulation of Plk4 in 

this process. Adapted from Rogers et al. (2009). (1) During mitosis, spindles normally have one 

centrosome at each spindle pole containing a pair of tightly associated or “engaged” mother 

daughter centrioles. During late anaphase, the centriole pair separates or “disengages” as shown 

(green arrows). During this stage, Plk4 (red dot and red stripe) is stabilized and localizes to each 

centriole as an asymmetric spot (Rogers et al., 2009). Plk4 is required for centriole duplication 

(an event that occurs later during S phase). Although the molecular mechanism is unknown, 

Plk4’s kinase activity may modify or “license” these centrioles to be competent for duplication. 
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Notably, the F-box protein Slimb localizes to centrioles throughout the cell cycle (blue stripe; 

Rogers et al., 2009). SCFSlimb is responsible for ubiquitinating the autophosphorylated form of 

Plk4 (Rogers et al., 2009), which leads to Plk4 degradation. However, even though Slimb is 

present on mitotic centrioles, an unknown mechanism prevents the destruction of the Plk4 spot. 

In this study, we demonstrate that the PP2A along with its regulatory subunit Tws (or SV40 ST) 

counteracts Plk4 autophosphorylation, thus stabilizing Plk4 and promoting centriole duplication. 

(2) During G1, Tws protein decreases and PP2A no longer counters Plk4 autophosphorylation. 

Consequently, autophosphorylation of Plk4’s downstream regulatory element (DRE) triggers 

SCFSlimb binding and ubiquitin-mediated proteolysis of Plk4. A linear map of the Plk4 

polypeptide is shown, including its cryptic polo box (CPB) and polo box (PB) motifs. Though 

Plk4 is persistently degraded, centrioles retain their duplication license (purple dots). (3) During 

S phase, duplication of licensed centrioles begins as procentrioles assemble. Plk4 is expressed 

during S phase, but its continuous degradation by SCFSlimb blocks centriole reduplication. (4) 

During G2, centrioles recruit pericentriolar material (PCM), allowing the maturing centrosomes 

to nucleate microtubules that facilitate mitotic spindle assembly in the next cell cycle phase. Plk4 

is continuously degraded by SCFSlimb during G2. 

 

Previously, we found that the Plk4 protein accumulates during mitosis in cultured Drosophila S2 

cells (Fig. S2.1; Rogers et al., 2009). At this time, Plk4 associates with centrioles and endows 

them with the competence to duplicate. During interphase, Plk4 is recognized by SCFSlimb 

ubiquitin ligase, and its consequent degradation is crucial in blocking centriole reduplication and 

preventing mother centrioles from assembling multiple daughters (Cunha-Ferreira et al., 2009; 

Rogers et al., 2009). Phosphorylation of the conserved Slimb-binding domain (SBD) within Plk4 



62 
 

promotes recognition by Slimb, and therefore, we set out to identify the kinases that prime Plk4 

for degradation. Recently, it was reported that mammalian Plk4 autophosphorylates a region 

downstream of its kinase domain (KD; �50 amino acids containing the SBD) to promote its 

destruction by SCFβTrCP/Slimb (Guderian et al., 2010; Holland et al., 2010). Drosophila Plk4 

also contains a serine-rich region surrounding its SBD (denoted here as the downstream 

regulatory element [DRE]; Fig. 2.1, A and B). To test whether fly Plk4 utilizes a similar 

autophosphorylation mechanism, we generated recombinant Plk4 containing the KD and DRE 

(Plk4-KD). We found that Plk4-KD can autophosphorylate in vitro and can phosphorylate 

kinase-dead Plk4-KD in trans (Fig. 2.1 C). As with mammalian Plk4 (Leung et al., 2007; 

Holland et al., 2010; Sillibourne et al., 2010), the DRE of Drosophila Plk4 is a target for 

autophosphorylation, as Plk4-KD phosphorylates purified DRE (Fig. 2.1 D). Furthermore, we 

found that the Plk4 kinase activity is needed for its degradation because kinase-dead Plk4 

expressed in S2 cells is more stable than wild-type (wt) Plk4 (Fig. 2.1 E). These results support 

the hypothesis that Plk4 autophosphorylation promotes its destruction but do not exclude the 

possibility that other kinases also regulate Plk4 levels. Therefore, we performed an RNAi-based 

screen of the Drosophila kinome using S2 cells transfected with inducible Plk4-GFP and 

measured Plk4 levels by quantitative anti-GFP immunoblots (Table S2.2). As with Slimb RNAi 

treatment, depletion of the kinase responsible for Slimb recognition should cause a dramatic 

elevation in Plk4 levels. However, no such kinase was identified in our screen (Fig. S2.2). 

Collectively, these results demonstrate that Plk4 autophosphorylation of the DRE is an 

evolutionarily conserved mechanism that regulates Plk4 stability and that it is unlikely that other 

kinases influence Slimb binding. 
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Fig. 2.1 

Drosophila Plk4 autophosphorylation promotes its own degradation. (A) Linear map of 

Drosophila Plk4 amino-terminus encoding the KD and the DRE. The red bar indicates the 

position of the conserved SBD (DSGXXT). (B) Lineup of the 50 amino acid DRE encoded by 

Plk4 family members. Serine and threonine residues are shown in red. Yellow box highlights the 

SBD. (C) Purified recombinant Plk4 kinase domain + DRE (wt-Plk4) but not kinase-dead 

(D156N point mutation of wt) Plk4 autophosphorylates in vitro. Coomassie-stained gel (top) and 

corresponding autoradiograph (bottom) are shown. (lanes 1 and 2) Plk4 phosphorylates itself and 
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purified bovine myelin basic protein (MBP). (lane 3) Kinase-dead Plk4 lacks kinase activity. 

(lane 4) wt-Plk4 phosphorylates kinase-dead Plk4 in trans. (D) wt-Plk4 phosphorylates purified 

DRE fused to maltose-binding protein (MBP-DRE) in trans but does not phosphorylate purified 

maltose-binding protein. (E) A kinase-dead mutation in Plk4 inhibits its degradation in S2 cells. 

Anti-GFP immunoblot of S2 cell lysates shows that full-length kinase-dead Plk4-GFP is more 

stable than wt-Plk4-GFP, which is degraded and nearly undetectable. Inducible Plk4 constructs 

were cotransfected into S2 cells with Nlp-GFP (used as a loading control and driven by its 

endogenous promoter). Black/white lines indicate that intervening lanes have been spliced out. 

 

 

Fig. S2.2 Plk4 protein levels are unaffected in an RNAi screen of the Drosophila kinome. S2 

cells were cotransfected with inducible Plk4-GFP and Nlp-GFP (a nuclear marker used as a 

loading control and driven by its endogenous promoter; Rogers et al., 2009) and seeded into 96 
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well plates, in which each well contained dsRNA against one of 222 different kinases (Table S1). 

After 4 d of RNAi, cells were induced to express Plk4-GFP for 24 h, lysed, and then analyzed by 

quantitative anti-GFP immunoblotting. (bottom) A representative immunoblot is shown 

containing both negative control and Slimb RNAitreated samples as well as lysates from 10 

different kinase RNAi treatments. (top) Plk4-GFP levels were measured using densitometry 

(ImageJ), normalized to the negative RNAi loading control, and compared with the Slimb RNAi 

treatment, which produces maximal Plk4 accumulation. Cntrl, control; BT, bent; sgg, shaggy; 

Hep, hemipterous; InaC, inactivation no afterpotential C; Put, punt; Lok, loki. 

 

2.3.2 PP2A (Protein Phosphatase 2A) and its regulatory subunit, Twins (Tws), are required for 

centriole duplication 

We next sought to determine the mechanism that stabilizes Plk4 during mitosis. Because Slimb 

levels are constant throughout the cell cycle (Rogers et al., 2009), and Plk4 autophosphorylation 

promotes Slimb binding, we hypothesized that a serine/threonine phosphatase might counteract 

this activity to stabilize mitotic Plk4 and promote centriole duplication. Inhibition of the 

phosphatase should promote constitutive Plk4 degradation and prevent centriole duplication. 

Notably, knockdown of PP2A was reported to reduce mitotic centrosome numbers in S2 cells 

(Chen et al., 2007a), suggesting that PP2A promotes centriole duplication. Centrioles were not 

directly examined in that study, and the findings could be explained by the inability of mitotic 

centrioles in PP2A-depleted cells to recruit pericentriolar material proteins (Dobbelaere et al., 

2008). Nevertheless, PP2A plays numerous mitotic functions (De Wulf et al., 2009), and 

therefore, we explored a possible role for PP2A in stabilizing mitotic Plk4 and promoting 

centriole duplication. 
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PP2A is a holoenzyme composed of three subunits: a catalytic C subunit (microtubule star [Mts] 

in Drosophila), a structural A subunit (Drosophila PP2A-29B), and a regulatory B subunit 

encoded by one of four fly genes (Tws/PR55, Widerborst, Well rounded, or PR72; Mayer-Jaekel 

et al., 1992; Uemura et al., 1993; Snaith et al., 1996; Hannus et al., 2002; Li et al., 2002; Viquez 

et al., 2006). To test whether PP2A is involved in centriole duplication, we used RNAi to deplete 

each protein individually (when antibodies were available, we confirmed depletion by 

immunoblotting; Fig. S2.3 A) and measured centriole numbers in S2 cells. Depletion of Mts or 

PP2A-29B resulted in loss of centrioles (Fig. 2.2 A), significantly increasing the percentage of 

cells with less than two centrioles compared with controls (Fig. 2.2 B). This effect was 

phenocopied by treating cells with the PP2A inhibitor okadaic acid (OA; Fig. 2.2, A and B). 

Depletion of only one regulatory subunit, Tws, also significantly decreased centriole number 

(Fig. 2.2 B). Prolonged Tws RNAi had no effect on cell cycle progression (Fig. S2.3 B) or 

mitotic index (control RNAi = 2.0%; Tws RNAi = 2.7%) but dramatically elevated the frequency 

of mitotic spindles lacking centrosomes (similar experiments with prolonged Mts or PP2A-29B 

RNAi led to significant cell death; Fig. S2.3 C). Consistent with a role in centriole duplication, 

Mts and PP2A-29B localize to mitotic centrioles in S2R+ cells (Dobbelaere et al., 2008). 

Likewise, we found a fraction of Mts copurified with centrioles isolated from mitotic S2 cells 

using sucrose gradient centrifugation (Fig. 2.2 C). Together, these results suggest that a 

PP2ATws complex is required for centriole duplication and is appropriately positioned on 

mitotic centrioles. 
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Fig. S2.3 Tws RNAi eliminates mitotic centrosomes but does not affect cell cycle progression. 

(A) Immunoblotting demonstrates the efficiency of RNAi mediated protein depletion from S2 

cells. For each treatment, samples of S2 cell lysates from day 0 (before depletion) and day 5 

(after completion of RNAi) are shown. Equal total protein amounts were loaded. Percent 

depletion of the target protein was calculated from the ratio of the day 5 and day 0 band 
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intensities (measured using integrated densitometry [ImageJ] and normalized with similar 

measurements of the α-tubulin bands). (B) Cell cycle progression is unaffected by Tws RNAi. 

Histograms of DNA fluorescence intensity (x axis) and cell number (y axis) of 7,000 cells with 

2C, 4C, and 8C populations indicated. (C) Tws RNAi reduces mitotic centrosome number. 

Control and Tws RNAi cells were stained for alpha-tubulin (α-tub), α-tubulin (green), and DNA. 

The bipolar spindles of RNAi-treated cells were categorized based on the presence of 

centrosomes (indicated by the presence of α-tubulin foci). The percentages of mitotic cells 

belonging to each of the three different categories are shown. MTs, microtubules. Bar, 2.5 µm. 



 

Fig. 2.2 
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PP2ATws is required for centriole duplication. (A) 5-d RNAi-treated or 24-h OA-treated S2 cells 

were immunostained for PLP to mark centrioles and Hoechst stained to label DNA. Cell borders 

are traced with dashed lines. Bar, 5 µm. (B) PP2A inhibition by Mts, 29B, or Tws RNAi leads to 

centriole loss. After RNAi treatment, the number of PLP-immunostained centrioles per cell was 

measured. Graph shows the percentage of cells with the indicated number of centrioles per cell. 

Each number in a bar is the percent mean for two experiments (n = 500 cells/treatment). 

Asterisks mark significant differences (relative to control) for comparisons mentioned in the text 

(P < 0.02). Error bars indicate SD. (C) Mts cosediments with centrioles purified from mitotic S2 

cells on a 20–70% sucrose gradient. Fractions (numbered) were immunoblotted for the indicated 

proteins. Asterisks mark the major centriole-containing fractions. (D) Tws protein is maximal 

during mitosis. (left) Graph of normalized endogenous Mts and Tws levels in asynchronous cells 

(Asynch) or after a 24-h drug-induced cell cycle arrest. Plotted values were determined from the 

anti-Mts and Tws immunoblots (right) shown. The graph and blots are representative examples 

of three independent experiments, all with similar results. α-Tubulin (α Tub) was used as a 

loading control. Wdb, Widerborst; Wrd, Well rounded. 

 

2.3.3 Tws protein levels peak during mitosis 

Because Plk4 protein levels peak during mitosis (Rogers et al., 2009), we examined protein 

levels of PP2A subunits to determine whether they display similar cell cycle–dependent changes. 

S2 cells were chemically arrested during each cell cycle stage, and lysates were immunoblotted 

for PP2A catalytic (Mts) and regulatory (Tws) subunits. Although Mts protein levels were 

abundant and uniform throughout the cell cycle, Tws levels fluctuated and were strikingly 

similar to Plk4 (Rogers et al., 2009): low during interphase but high during mitosis (Fig. 2.2 D). 
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These findings suggest the possibility that increasing Tws levels during mitosis activates a 

PP2ATws complex responsible for stabilizing Plk4. 

 

2.3.4 PP2ATws is required to stabilize Plk4 

We next tested whether Tws is involved in the pathway regulating Plk4 stability. Depletion of 

Slimb increases both Plk4 levels and the percentage of cells with greater than two centrioles 

(Cunha-Ferreira et al., 2009; Rogers et al., 2009). Therefore, if loss of centrioles after PP2ATws 

depletion is caused by Plk4 degradation, this effect should be rescued by codepletion of Slimb 

because Slimb mediates Plk4 degradation. Indeed, we found that whereas Tws RNAi reduced 

centriole number, Slimb/Tws co-RNAi (which effectively depletes both proteins; Fig. 2.3 A) 

completely reversed the effect and significantly decreased the percentage of cells containing less 

than two centrioles while increasing cells with greater than two centrioles (Fig. 2.3 B). 

Therefore, instead of being required for downstream steps in centriole assembly, PP2ATws 

likely acts upstream of Plk4 and Slimb. 
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Fig. 2.3 
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PP2ATws stabilizes Plk4 to promote centriole duplication. (A) Immunoblots of 6-d RNAi-

treated S2 cells demonstrating knockdown of target proteins. α Tub, α-tubulin; Cntrl, control. (B) 

Loss of centrioles by Tws RNAi is rescued by codepletion of Slimb. Each mean percentage of 

cells (numbers) is derived from two experiments (n = 598 cells/treatment). Asterisk indicates 

significant difference (P < 0.02) between compared treatments mentioned in the text. (C) Low 

expression of nondegradable Plk4-SBM-GFP also rescues the centriole loss by Tws-RNAi. Each 

mean percentage (numbers) is derived from three experiments (n = 900 cells/treatment). *, P < 

0.04. (D) PP2A is required to stabilize Plk4. S2 cells overexpressing Plk4-GFP were treated with 

colchicine or OA for 24 h as indicated, and lysates were probed for GFP. (E) PP2A 

dephosphorylates Plk4-SBM-GFP in cells. S2 cells expressing Plk4-SBM-GFP were treated with 

OA for 24 h, and their lysates were immunoblotted for GFP. Note the clear shift in mobility of 

Plk4-SBM after OA treatment (arrowheads), consistent with Plk4-SBM being 

hyperphosphorylated after PP2A inhibition. (F) PP2A dephosphorylates Plk4 in vitro. Human 

PP2A dephosphorylates autophosphorylated Plk4-KD + DRE-(His) 6 protein (Plk4-KD) but is 

inhibited by OA. (top) Autoradiogram; (bottom) Plk4 immunoblot. Black lines indicate that 

intervening lanes have been spliced out. Error bars indicate SD. 

 

We tested for a genetic interaction between PP2ATws and Plk4 by depleting PP2ATws in S2 

cells expressing a Plk4 construct harboring a Slimb-binding mutation (SBM; a 

nonphosphorylatable alanine [S293A/T297A] mutation), which prevents Slimb binding (Cunha-

Ferreira et al., 2009; Rogers et al., 2009). Like Slimb RNAi, Plk4-SBM expression increased the 

percentage of cells containing greater than two centrioles (Fig. 2.3 C; Rogers et al., 2009). We 

hypothesized that if PP2ATws dephosphorylates and stabilizes Plk4, expression of Plk4-SBM 
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would rescue the loss of centrioles after Tws depletion (Fig. 2.3 C). We found this to be the case, 

as Plk4-SBM expression restored centriole numbers to control levels (Fig. 2.3 C). Together, 

these results suggest that PP2ATws promotes centriole duplication by stabilizing Plk4 and, 

furthermore, may work by dephosphorylating key residues in the Plk4 SBD to block Slimb 

binding. 

 

To determine directly whether PP2A is required to stabilize Plk4, we overexpressed Plk4-GFP in 

S2 cells treated with OA. As described previously (Rogers et al., 2009), Plk4-GFP levels rise in 

mitotic cells (Fig. 2.3 D, first and second lane). However, PP2A inhibition dramatically 

prevented this increase in mitotic Plk4-GFP and, strikingly, eliminated Plk4-GFP in these cells 

(Fig. 2.3 D, third and fourth lane). To test whether this effect was simply caused by an inhibition 

of translation upon OA treatment, we induced the expression of GFP alone and then treated cells 

with OA. OA had no effect on GFP levels (unpublished data), suggesting that PP2A activity is 

specifically required for Plk4 stabilization. 

 

2.3.5 PP2A dephosphorylates Plk4 

Plk4 from OA-treated cells also has a distinct electrophoretic shift compared with control-treated 

cells (Fig. 2.3 E), suggesting that Plk4 is more phosphorylated after PP2A inhibition. It was 

necessary to use the stable Plk4-SBM-GFP transgene for this experiment: although the SBM 

prevents phosphorylation within the SBD, multiple serines that flank this site are likely 

phosphorylated (Holland et al., 2010) and may be recognized by PP2A. Thus, Plk4 is likely a 

bona fide PP2A substrate and can be phosphorylated on multiple residues outside the SBD. 

Lastly, we examined whether PP2A can dephosphorylate Plk4 in vitro using purified 



75 
 

components. When human PP2A-A and -C subunits (sharing 75 and 94% identity with their fly 

homologues) were incubated with autophosphorylated fly Plk4-KD (containing the DRE), PP2A 

dephosphorylated Plk4-KD in a dose-dependent manner and was inhibited by addition of OA 

(Fig. 2.3 F). Collectively, these results indicate that Plk4 is a PP2A substrate, and this interaction 

has a profound effect on Plk4 stability. 

 

2.3.6 Tws overexpression is sufficient to stabilize Plk4 and induce centriole amplification 

Because Tws protein levels peak during mitosis when Plk4 levels are highest (Fig. 2.2 D), we 

tested whether overexpression of this regulatory subunit alone is sufficient to stabilize Plk4 

during periods when Plk4 is normally degraded. Tws-GFP (or GFP) and Plk4-GFP were 

coexpressed in S2 cells, and their levels were monitored with GFP immunoblots. Although 

control GFP overexpression had no effect on Plk4-GFP levels, Tws-GFP overexpression 

dramatically increased Plk4-GFP levels in asynchronous cells in a dose-dependent manner (Fig. 

2.4, A and B). The effect was not caused by mitotic arrest (mitotic index: GFP, 2.7%; Tws-GFP, 

3.2%) nor caused by a decrease in Slimb levels, which remained unchanged (Fig. 2.4 A). A 

similar result was observed in S2 cells overexpressing human Tws (which shares 79% amino 

acid identity with fly Tws), in which Plk4-GFP levels increased by fourfold (Fig. 2.4 C), 

suggesting PP2ATws may function analogously in human cells to stabilize Plk4. 
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Fig. 2.4 
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Ectopic Tws expression is sufficient to stabilize Plk4 and promote centriole amplification. (A) 

Immunoblots of S2 cell lysates showing that Tws-GFP overexpression stabilizes Plk4-GFP 

without affecting Slimb levels. S2 cells were cotransfected with inducible Plk4-GFP and 

inducible GFP (first lane) or Tws-GFP (second lane) expression constructs. After a 24-h 

recovery period, gene expression was induced with 1 mM CuSO4 for 20 h. Cell lysates were 

then prepared and immunoblotted for GFP, endogenous Slimb, and α-tubulin (α Tub; loading 

control). (B) The extent of Plk4-GFP stabilization is dose dependent on Tws-GFP. S2 cells were 

cotransfected with Plk4-GFP (driven by the weak, constitutive Drosophila SAS-6 promoter) and 

either GFP (negative control) or Tws-GFP, each controlled by the copper-inducible 

metallothionein promoter. Cells were incubated with 0, 0.5, 1, or 2 mM CuSO4 for 24 h, and cell 

lysates were probed by GFP immunoblotting. (C) Immunoblot of S2 cell lysates showing that 

Plk4-GFP is also stabilized by human Tws (HsTws; PR55-α) overexpression. (D) Tws-mCherry 

expression drives abnormal accumulation of Plk4-GFP on centrioles (anti-D-PLP) in interphase 

S2 cells. Insets show centrioles (dashed boxes) at higher magnification. Bars, 5 µm. (E) Tws-

GFP overexpression promotes centriole amplification. Graph shows the percentage of transgene-

expressing cells containing the indicated number of centrioles; means (numbers) derived from 

three experiments (n = 600 cells/treatment). *, P < 0.003 (treated conditions compared with GFP 

control). (F) Tws-GFP overexpression increases the frequency of multipolar spindles. S2 cells 

expressing GFP or Tws-GFP were immunostained for centrioles (anti-PLP, red) and α-tubulin 

(green). DNA (blue) is Hoechst stained. Bar, 2.5 µm. Graph shows mean percentages (numbers) 

of mitotic cells with multipolar spindles (two experiments; n = 76 cells/treatment). *, P < 0.01. 

Error bars indicate SD. 
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If PP2ATws stabilizes Plk4, several predictions follow. First, Tws overexpression should drive 

abnormal accumulation of Plk4 on interphase centrosomes. Plk4-GFP localization was examined 

in interphase S2 cells overexpressing Tws-mCherry and was observed to be associated with 

centrioles, whereas this was not observed in cells expressing mCherry (Fig. 2.4 D). Second, Tws 

overexpression should drive centriole amplification. When centriole numbers were measured in 

Tws-GFP–overexpressing interphase cells, we found a significant increase in the percentage 

containing greater than two centrioles as compared with controls, similar to the expression of 

Plk4-SBM (Fig. 2.4 E). Notably, overexpression of the catalytic subunit Mts did not increase 

centriole number and was not synergistic with Tws coexpression (Fig. 2.4 E), suggesting that 

endogenous Mts is not limiting for PP2ATws activity. Furthermore, Tws overexpression 

increased the frequency of multipolar spindles in dividing cells by fourfold (Fig. 2.4 F). 

Therefore, Tws overexpression is sufficient to stabilize Plk4 during cell cycle stages when Plk4 

levels are normally low and, thus, induces centriole amplification and multipolar spindle 

formation. 

 

2.3.7 SV40 ST expression induces centriole amplification in a PP2A-dependent manner 

Based on these findings, we propose that centriole duplication is regulated by a dynamic 

mechanism governing Plk4 stability: Plk4 autophosphorylation of its DRE promotes SCFSlimb-

mediated degradation during interphase to block centriole amplification, but the phosphorylated 

state is reversed by mitotic PP2ATws to stabilize Plk4 and enable centriole duplication. As a 

proof of principle study, we examined whether perturbation of this mechanism could account for 

centrosome amplification observed during oncogenic transformation by using the ST of the 

tumor-promoting virus SV40 (Kotadia et al., 2008). ST can act as a potent PP2A inhibitor 
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(Arroyo and Hahn, 2005). By directly binding to the PP2A structural A subunit, ST competes 

with and displaces endogenous regulatory subunits, thereby preventing the dephosphorylation of 

PP2A substrates (Chen et al., 2007b; Cho et al., 2007). Not surprisingly, given their high degree 

of conservation, ST also binds the Drosophila structural subunit PP2A-29B (Kotadia et al., 

2008). However, regarding ST’s effect on centriole duplication, the notion that ST inhibits PP2A 

is paradoxical because ST expression promotes centrosome amplification in human U2OS cells, 

cultured fly Kc cells, and fly embryos (Kotadia et al., 2008), whereas PP2A depletion actually 

eliminates centrosomes in fly cells (Chen et al., 2007a). To resolve this issue, we tested the 

hypothesis that ST does not inhibit all PP2A functions but can instead act as a surrogate 

regulatory subunit to mimic the activity of Tws by stabilizing Plk4 and, thus, drive centriole 

amplification. We found that ST-GFP overexpression in S2 cells increased the percentage of 

cells containing greater than two centrioles (Fig. 2.5, A and B). Notably, the effect is PP2A 

dependent because OA treatment of ST-GFP–expressing cells blocks centriole amplification 

(Fig. 2.5 B). Therefore, the centriole amplification that follows ST expression requires PP2A 

activity and suggests that ST does not inhibit all PP2A functions. This result is surprising given 

ST’s reported inhibitory effects on PP2A activity. 
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Fig. 2.5 

Tumor-promoting SV40 ST mimics Tws function to stabilize Plk4 and amplify centrioles. (A) S2 

cells overexpressing GFP or ST-GFP (green) immunostained for PLP (red) to mark centrioles. 

DNA (blue) is Hoechst stained. (B) ST-GFP overexpression increases centriole numbers but not 

in the presence of OA. ST-GFP expression also rescues centriole loss caused by depletion of Tws 

but not Plk4. Centrioles were counted after 6-d RNAi or 24-h OA treatment in cells transfected 
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with inducible GFP or ST-GFP (expression was induced during the last 2 d). Mean values 

(numbers) of two experiments are shown (n = 600 cells/treatment). Asterisks indicate significant 

differences (P < 0.05) between compared treatments mentioned in the text. Error bars indicate 

SD. Ctnrl, control. (C and D) Immunoblots show that ST-GFP overexpression stabilizes Plk4-

GFP in S2 cells to levels similar to Plk4-SBM-GFP, without affecting endogenous Slimb levels 

(C) and in a dose-dependent manner (D; treatment protocol similar to that described in Fig. 2.4 

B). α Tub, α-tubulin. (E) ST-V5 expression drives accumulation of Plk4-GFP on centrioles (anti-

PLP) in interphase S2 cells. Insets show centrioles (dashed boxes) at higher magnification. Bars, 

5 µm. 

 

2.3.8 SV40 ST functionally mimics Tws in stabilizing Plk4 

To determine whether abnormal Plk4 hyperstabilization is the causal link between PP2A 

activation and ST-mediated centriole amplification, ST-GFP and Plk4-GFP were coexpressed in 

S2 cells, and their levels monitored with GFP immunoblots. Strikingly, we found that ST-GFP 

expression increased Plk4-GFP levels in asynchronous cells to an extent similar to Plk4-SBM 

expression (Fig. 2.5 C). The effect was not caused by mitotic arrest (mitotic index: GFP control, 

2.7%; ST-GFP, 3.2%) or a decrease in Slimb levels, which remained unchanged (Fig. 2.5 C). 

Like Tws overexpression, the ST effect was dose dependent (Fig. 2.5 D) and also induced Plk4 

localization to centrioles in interphase cells (Fig. 2.5 E). Lastly, we tested whether ST expression 

could functionally replace Tws in centriole duplication by overexpressing ST in S2 cells depleted 

of Tws. Although Tws RNAi treatment of control cells expressing GFP led to centriole loss, ST-

GFP expression in similarly treated cells rescued the phenotype and decreased the percentage of 

cells containing less than two centrioles (Fig. 2.5 B). ST expression did not rescue centriole loss 
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caused by Plk4 depletion (Fig. 2.5 B). Therefore, our results suggest that ST does not inhibit all 

PP2A functions but can mimic the ability of Tws to activate PP2A, thus stabilizing Plk4 at 

inappropriate cell cycle stages and promoting centriole amplification. 

 

2.4 Discussion 

Recent studies have increased our understanding of Plk4 inactivation considerably. Plk4 protein 

is maintained at near-undetectable levels for the majority of the cell cycle by ubiquitin-mediated 

proteolysis (Fig. 2.6 A; Fode et al., 1996; Rogers et al., 2009). The ubiquitin ligase SCFSlimb is 

responsible for Plk4 degradation and recognizes an extensively phosphorylated degron situated 

immediately downstream of the KD. Slimb is appropriately positioned on centrioles throughout 

the cell cycle to promote rapid Plk4 destruction, but centrioles are not required for its activity 

(Rogers et al., 2009). In any case, Plk4 degradation is critical in blocking all pathways of 

centriole amplification. Unlike other Polo kinase members, Plk4 is a homodimer capable of 

autophosphorylating its DRE in trans to promote Slimb binding (Leung et al., 2002; Guderian et 

al., 2010). Our findings demonstrate that autoregulation is a conserved feature of Plk4. 

Moreover, our RNAi screen of the fly kinome suggests that no other kinase is required for Plk4 

degradation. The continuous and efficient degradation of Plk4 indicates that Plk4 is immediately 

active when expressed and that control of Plk4’s protein level is key to regulating its activity. 
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Fig. 2.6 

Model depicting the regulation of Plk4 activity by a counteracting 

autophosphorylation/dephosphorylation mechanism. (A) Plk4 is expressed throughout 

interphase, but continuous Plk4 autophosphorylation of its DRE triggers its own proteasome-

mediated degradation by inducing SCFSlimb binding and ubiquitination. As a result, centriole 

amplification is blocked. Plk4 stabilization can be achieved by PP2A activity, which 

dephosphorylates Plk4. However, this does not normally occur because its required regulatory 

subunit, Tws, is present at insufficient levels. (B) During mitosis, Tws protein levels rise, thus 

activating a PP2ATws complex, which counteracts Plk4 autophosphorylation. Plk4 is stabilized 

and modifies centrioles, making them competent to duplicate during the next S phase. Upon 

mitotic exit, Tws levels decrease, and PP2A is unable to maintain Plk4 stability. (C) This same 

mechanism is exploited by tumor-promoting SV40 ST. ST binds PP2A and functionally mimics 

Tws, counteracting Plk4 autophosphorylation. Plk4 is inappropriately stabilized during 

interphase, localizes to centrioles, and thus, promotes centriole amplification. CPB, cryptic polo 

box; PB, polo box. 
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However, surprisingly little is known about the converse event: how Plk4 is activated. Our 

results reveal the existence of a previously unknown facet of the regulation of centriole 

duplication, a process which transiently stabilizes and activates Plk4 specifically during mitosis. 

Our study led us to investigate serine/threonine phosphatases as possible effectors to counteract 

Plk4 autophosphorylation. PP2A is an excellent candidate to fulfill this role as it has important 

functions in mitosis and localizes to mitotic centrioles in cultured fly cells and centrosomes in 

dividing Caenorhabditis elegans embryos (Schlaitz et al., 2007; Dobbelaere et al., 2008). A 

previous study found that the number of γ-tubulin foci in mitotic S2 cells was diminished after 

PP2A RNAi (Chen et al., 2007a), but whether this resulted from a bona fide loss of centrioles or 

instead reflects a requirement for PP2A for centrosome maturation was not determined. 

Subsequently, a role for PP2A in centrosome maturation was identified in a genome-wide RNAi 

screen (Dobbelaere et al., 2008). Our results indicate that PP2A and the regulatory subunit Tws 

are required for centriole duplication by dephosphorylating and stabilizing Plk4. Without 

PP2ATws, Plk4 cannot be stabilized, and centrioles fail to duplicate. PP2A is also required for 

centriole assembly in C. elegans embryos but functions downstream in the centriole assembly 

process (Kitagawa et al., 2011; Song et al., 2011). Although the catalytic and structural PP2A 

subunits are abundant, regulatory subunits are needed for intracellular targeting and recognition 

of a myriad of substrates. Tws overexpression is sufficient to stabilize Plk4 in a dose-dependent 

manner, causing centriole amplification and multipolar spindle formation. Like Plk4, Tws 

protein levels are low during interphase but rise and peak during mitosis. Accordingly, our 

results suggest that PP2ATws stabilizes mitotic Plk4 by counteracting Plk4 autophosphorylation, 

enabling cells to switch Plk4 activity (and thus centriole duplication) on and off (Fig. 2.6 B). 

This mechanism is inherently highly sensitive to the presence of Tws, a rate-limiting component. 
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Moreover, this is likely a conserved mechanism because overexpression of human Tws also 

stabilizes fly Plk4 in S2 cells. Clearly, an important goal for future studies is to establish whether 

the regulation of Tws levels and cell cycle control are linked. In addition, our results suggest that 

up-regulation of Tws could be a means to amplify centrioles in multiciliated cells and that 

increased Tws activity could be a condition found in cancerous cells. 

 

Centrosome amplification is a hallmark of cancer and is also observed upon expression of DNA 

tumor virus proteins, which include SV40 ST, human papillomavirus E7, human T cell leukemia 

virus type-1 Tax, hepatitis B virus oncoprotein X, and human adenovirus E1A (Duensing et al., 

2000; De Luca et al., 2003; Yun et al., 2004; Nitta et al., 2006; Kotadia et al., 2008). However, 

mechanisms for centrosome amplification by viral oncoproteins are not known. SV40 ST has 

been found to directly bind the highly conserved Drosophila catalytic and structural PP2A 

subunits and to induce centrosome overduplication in cultured fly cells (Kotadia et al., 2008). 

Notably, ST is a well-established PP2A inhibitor and is known to bind structural PP2A subunits, 

forcing endogenous PP2A regulatory subunits to be displaced and inhibiting PP2A activity 

(Arroyo and Hahn, 2005; Chen et al., 2007b; Cho et al., 2007). However, our results demonstrate 

that ST expression does not inhibit all PP2A activities but, instead, stimulates PP2A stabilization 

of Plk4 (Fig. 6 C). To our knowledge, this represents the first evidence that ST mimics the 

function of a PP2A regulatory subunit in cells. It will be important to determine whether ST 

targets additional PP2A substrates during tumorigenesis and whether other tumorigenic viruses 

(e.g., human papillomavirus and hepatitis B) known to promote centrosome amplification 

(Duensing et al., 2000; De Luca et al., 2003; Yun et al., 2004; Nitta et al., 2006) exploit this 

same mechanism. Intriguingly, human papillomavirus E7 oncoprotein binds PP2A catalytic and 
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structural subunits and prevents PP2A from dephosphorylating Akt (Pim et al., 2005). Although 

a previous study has suggested that PP2A may function as a tumor suppressor (Janssens et al., 

2005), our findings indicate that unregulated PP2A activity leads to centriole amplification and 

chromosomal instability and should therefore be considered as a potential oncogenic factor. 

 

2.5 Materials and methods 

2.5.1 Cell culture and double-stranded RNAi (dsRNA) 

Drosophila S2 cell culture, in vitro dsRNA synthesis, and RNAi treatments were performed as 

previously described (Rogers and Rogers, 2008). In brief, cells were cultured in Sf900II SFM 

media (Life Technologies). RNAi was performed in 6-well plates. Cells (50–90% confluency) 

were treated with 10 µg dsRNA in 1 ml media and replenished with fresh media/dsRNA every 

other day for 4–7 d. The gene-specific primer sequences used to amplify DNA templates for 

RNA synthesis are shown in Table S2.1. Control dsRNA was synthesized from control DNA 

template amplified from a non-GFP sequence of the pEGFP-N1 vector (Takara Bio Inc.) using 

the primers 5′-CGCTTTTCTGGATTCATCGAC-3′ and 5′-TGAGTAACCTGAGGCTATGG-3′ 

(all primers used for dsRNA synthesis in this study begin with the T7 promotes sequence 5′-

TAATACGACTCACTATAGGG-3′). For the Drosophila kinome screen, 185 dsRNA were 

purchased from the Harvard Fly RNAi Center (those with amplicon numbers in Table S2.2). Cell 

cycle arrest was induced by treating cells for ≥24 h with a final concentration of either 0.5 mM 

mimosine (for a G1-phase arrest), 1 µM hydroxyurea + 10 µM aphidicolin (S-phase arrest), 1.7 

µM 20-hydroxyecdysone (G2-phase arrest), or 12 h of 30 µM colchicine (M-phase arrest; this 

treatment produces a mitotic index of �30%) as previously described (Rogers et al., 2009). OA 

was used at final concentrations ranging from 1 to 100 nM. 
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2.5.2 Immunofluorescence microscopy 

For immunostaining, S2 cells were fixed and processed exactly as previously described (Rogers 

and Rogers, 2008) by spreading S2 cells on concanavalin A–coated, glass-bottom dishes and 

fixing with 10% formaldehyde. Primary antibodies were diluted to concentrations ranging from 1 

to 20 µg/ml. They included rabbit and guinea pig anti–pericentrin-like protein (PLP; produced in 

laboratory), anti-GFP antibodies (monoclonal JL8 and polyclonal Living Colors; Takara Bio 

Inc.), rabbit anti-Plk4 KD (produced in laboratory), anti-V5 (Life Technologies), anti–α-tubulin 

DM1a and γ-tubulin GTU88 (Sigma-Aldrich), mouse and rabbit antiphospho–histone H3 

(Millipore; Cell Signaling Technology), anti-FLAG M2 (Sigma-Aldrich), and FITC-conjugated 

anti–α-tubulin DM1a (Sigma-Aldrich). Secondary antibodies (conjugated with Cy2, Rhodamine 

red-X, or Cy5 [Jackson ImmunoResearch Laboratories, Inc.]) were used at manufacturer-

recommended dilutions. Hoechst 33342 (Life Technologies) was used at a final dilution of 3.2 

µM. Cells were mounted in 0.1 M n-propyl galate, 90% (by volume) glycerol, and 10% PBS 

solution. Specimens were imaged at room temperature using a DeltaVision Core system 

(Applied Precision) equipped with a microscope (IX71; Olympus), a 100× objective, NA 1.4, 

and a cooled charge-coupled device camera (CoolSNAP HQ2; Photometrics). Images were 

acquired with softWoRx v1.2 software (DeltaVision). Statistical analyses of centriole and mitotic 

spindle counts were performed using two-tailed two-sample t tests and assuming equal variances. 

 

2.5.3 Immunoblotting 

S2 cell extracts were produced by lysing cells in PBS and 0.1% Triton X-100. The Bradford 

protein assay (Bio-Rad Laboratories; per manufacturer’s instructions) was used to measure lysate 
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protein concentrations. Laemmli sample buffer was then added, and samples were boiled for 5 

min. The efficiency of RNAi was determined by Western blotting of treated cell lysates; equal 

total protein was loaded for each sample, and the integrated densities of chemiluminescent bands 

(measured with ImageJ [National Institutes of Health]) were normalized relative to the integrated 

densities of the loading control. Either endogenous α-tubulin or transfected Nlp-EGFP (a 

constitutively expressed nuclear protein; Rogers et al., 2009) was used as a loading control. 

 

2.5.4 Antibodies 

Escherichia coli–expressed GST- or maltose-binding protein–Slimb (amino acids 1–91) proteins 

were purified on either glutathione-Sepharose or amylose resin (Rogers et al., 2008, 2009). 

Guinea pig antisera were raised against GST-tagged purified Slimb protein, and the 

corresponding maltose-binding protein fusion was used for antibody affinity purification by 

precoupling to Affi-Gel 10/15 resin (Bio-Rad Laboratories). Rabbit anti-Plk4 polyclonal 

antibodies were raised against a peptide (KLPHERITLEAVLC) corresponding to the carboxy-

terminus of the Plk4 KD. Antibodies were affinity purified from antisera using resin with 

coupled peptide. Additional antibodies used for Western blotting include polyclonal anti-Tws 

and anti-Mts (gift from T. Uemura, Kyoto University, Kyoto, Japan; Shiomi et al., 1994), 

monoclonal anti-Mts (Millipore), monoclonal anti-GFP JL8, and polyclonal anti-GFP Living 

Colors, and anti-FLAG used at 1:1,000 dilutions. HRP-conjugated secondary antibodies (Jackson 

ImmunoResearch Laboratories, Inc.) were prepared according to the manufacturer’s instructions 

and used at 1:1,500 dilutions. 

 

2.5.5 Constructs and transfection 
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A genomic region of 208 residues immediately upstream of the fly SAS-6 gene (called SAS-6p) 

was subcloned into the pMT vector (Life Technologies) to serve as a promoter of Plk4-GFP, 

constitutively promoting low level expression of this transgene, and was used for localization 

experiments (Rogers et al., 2009). cDNAs encoding SV40 ST (Addgene), Plk4 (Rogers et al., 

2009), Mts/CG7109 (EST database: Drosophila LD26077, accession no. AY058571), 

Tws/CG6235 (EST database: Drosophila LD12394, accession no. AY061152), and human 

Tws/PPP2R2B (Open Biosystems) were subcloned into the inducible metallothionein promoter 

pMT vector and tagged with either FLAG, GFP, mCherry, or V5. Expression of all constructs 

was induced by addition of 0.5–2 mM copper sulfate to the media. Transient transfections were 

performed using the Nucleofector II (Lonza) according to manufacturer’s instructions. 

 

2.5.6 In vitro kinase and phosphatase assays 

For in vitro kinase assays, Drosophila (His)6-tagged Plk4 KD + DRE (amino acids 1–317) was 

cloned into the pET28a vector, expressed in BL21(DE3) E. coli, and purified on TALON resin 

(Takara Bio Inc.) according to the manufacturer’s instructions. Kinase assays were conducted in 

reaction buffer (40 mM Na Hepes, pH 7.3, 150 mM NaCl, 5 mM MgCl2, 0.5 mM MnCl2, 0.1 

mM dithiothreitol, and 0.1 mM PMSF) and containing 10% (final concentration by volume) 

glycerol and 85 µM γ-[32P]ATP at 25°C for 1–2 h. Some assays included 6 µg of the generic 

phosphorylation substrate and purified and dephosphorylated bovine brain myelin basic protein 

(Millipore). Reactions were terminated by the addition of Laemmli sample buffer and boiling. 

Reaction samples were resolved on SDS-PAGE, Coomassie stained, and then exposed to x-ray 

film (or a phosphorimaging screen [Molecular Dynamics]) to detect radiolabeled bands. 
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For in vitro phosphatase assays, purified Drosophila (His)6-tagged Plk4 KD + DRE with or 

without the corresponding kinase-dead Plk4 mutant (a D156N point mutation; also bacterially 

expressed and purified on TALON resin) were first incubated with γ-[32P]ATP to generate 

phosphorylated Plk4 (kinase-dead Plk4 was included in this assay because it incorporated more 

32P radiolabel than active Plk4). Specifically, 4.3 µM (final concentration) wt-Plk4, 4.7 µM 

kinase-dead Plk4, and 85 µM γ-[32P]ATP were incubated in the conditions described in the 

previous paragraph. After 2 h at 25°C, Plk4 was bound to fresh TALON resin, and the resin was 

washed with reaction buffer to remove ATP. To assay the dephosphorylation of Plk4 by purified 

human PP2A (Millipore), resin-bound phosphorylated Plk4 was incubated with various 

concentrations of PP2A and OA (1 µM final concentration when present) in reaction buffer at 

37°C for 1.5 h. Samples were resolved on SDS-PAGE, Coomassie stained, and then exposed to 

x-ray film to detect radiolabeled bands. 

 

2.5.7 Flow cytometry 

S2 cells (106) were pelleted at 1,000 g for 5 min, resuspended in 0.5 ml PBS, and vortexed while 

intermittently adding 0.5 ml of cold 100% ethanol. Fixed cells were incubated on ice for 20 min, 

pelleted (1,000 g for 5 min), and resuspended in a 0.5 ml propidium iodide (PI)-RNase solution 

(50 µg/ml PI + 100 µg/ml RNase Type1 I-A [QIAGEN] in PBS). After 20 min, cells were passed 

through a 12 × 75–mm flow cytometry tube (Falcon; Thermo Fisher Scientific). Cytometric 

analysis was performed in the Arizona Cancer Center/Arizona Research Laboratories Division of 

Biotechnology Cytometry Core Facility using a FACScan flow cytometer (BD) equipped with an 

air-cooled 15-mW argon ion laser tuned to 488 nm. List mode data files consisting of 10,000 

cells gated on forward scatter versus side scatter were acquired and analyzed using CellQuest Pro 
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software (BD). Appropriate electronic compensation was performed by acquiring cell 

populations stained with PI individually as well as an unstained control. 

 

2.5.8 Centriole purification 

Mitotic centrioles were purified as previously described by Mitchison and Kirschner (1986). In 

brief, a 400-ml S2 cell suspension culture was treated with 25 µM colchicine for 24 h, pelleted, 

and washed with the following buffers in succession: (a) PBS, (b) 0.1× PBS + 8% sucrose, (c) 

8% sucrose, (d) lysate buffer (1 mM Tris-HCl, pH 8.0, and 8 mM 2-mercaptoethanol), and (e) 

lysate buffer + IGEPAL CA-630. The cell lysate was centrifuged for 3 min at 1,500 g at 4°C, and 

the supernatant was spun through a 2 ml Ficoll cushion (20% [wt/wt] Ficoll 400, 0.1% [wt/vol] 

IGEPAL CA-630, 1 mM EDTA, and 8 mM 2-mercaptoethanol, pH 8.0) at 26,000 g for 15 min at 

4°C. 2 ml of the supernatant above the Ficoll cushion was removed, loaded onto a 30-ml 20–

70% sucrose cushion (prepared in 0.1% Triton X-100, 1 mM EDTA, and 8 mM 2-

mercaptoethanol, pH 8.0), and centrifuged for 1.5 h at 27,000 rpm in a SW28 rotor (Beckman 

Coulter) at 4°C. Gradients were fractionated into 0.5-ml fractions and boiled in Laemmli sample 

buffer for 5 min. 
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CHAPTER THREE: THE CELL CYCLE-DEPENDENT REGULATION OF ANA2/STIL 

 

3.1 Abstract 

Centrosomes are composed of a pair of ‘mother-daughter’ centrioles and, during duplication, 

each mother centriole assembles one daughter at a single site only once per cell cycle.  If this 

process goes awry, overproduction of centrioles can lead to a phenomenon called centrosome 

amplification, which can impair bipolar spindle assembly and promote chromosomal instability. 

We show that the conserved centriole structural protein Anastral Spindle 2 (Ana2 in Drosophila, 

STIL in humans) is degraded during G1-phase and rises during S-phase, at the start of daughter 

centriole assembly. Moreover, Ana2 is extensively phosphorylated in vivo on numerous Cyclin-

dependent kinase (Cdk) sites. Expression of phosphomimetic Ana2 is extremely stable and 

promotes centriole amplification. Conversely, non-phosphorylatable Ana2 alanine mutants are 

highly unstable.  In this paper we show that Ana2 protein levels diminish in Cdk1/cyclin A or 

Cdk2/cyclin E depleted cells, that the cyclins associate with Ana2 and phosphorylation protects 

Ana2 from degradation.  We also find that Ana2 is dephosphorylated by Protein Phosphatase 2A 

(PP2A) to counteract the protective phosphorylation and precisely control the amount of Ana2 

during the cell cycle to limit centriole amplification. Interestingly, the viral oncoprotein SV40 

small-tantigen (ST), a PP2A inhibitor, increases Ana2 levels.  Finally, we find that Ana2 directly 

associates with and stabilizes the master centriole duplication regulator, Polo-like kinase 4 

(Plk4), thus providing the mechanism by which centriole amplification occurs upon Ana2 

stabilization.  

 

3.2 Introduction 
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During cell division, mitotic spindles function to faithfully distribute duplicated chromosomes 

and cell-fate determinants. Errors in spindle assembly enhance genomic instability and loss of 

polarity within stem cells – thereby promoting tumorigenesis [32]. Centrosomes are the 

organelles which nucleate microtubule growth in the mitotic and meiotic spindle as well as the 

precursor to the basal body which forms the base of cilia [22].  Centrioles, which form the 

duplicating elements of the centrosome, duplicate only once during the cell cycle in a similar 

fashion to DNA replication [23].  Also, like DNA replication, centriole duplication is normally a 

semi-conserved process which is tightly coupled to the cell cycle.  In a similar fashion to DNA 

replication, centriole duplication begins during S-phase, corresponding to an increase in 

CDK2/cyclin A and E activity [2].  During this time, two ‘mother’ centrioles give rise to two 

distinct ‘daughter’ centrioles, also termed procentrioles, which are closely attached to their 

respective mothers in a configuration termed ‘engagement’. The procentrioles continue growing 

until reaching maturity near the beginning of mitosis at which point two functional centrosomes 

assist in the formation of the bipolar spindle to facilitate chromosome separation.  Upon 

completion of mitosis and activation of the APC/cyclosome, the mother/daughter centriole pairs 

‘disengage’ or separate from each other and the two pairs segregate into each daughter cell, 

bestowing two centrioles upon each daughter cell [24].  

 

The process of centriole duplication and segregation must be closely regulated because a lack or 

an excess of the normal two centrosomes during mitosis has been shown to interfere with 

accurate chromosome segregation as well as asymmetric stem cell division [4-6, 25-27]. A lack 

of the normal amount of centrioles contributes to various ciliopathies, primary microcephaly, and 

Seckel syndrome [28-31]. On the other hand too many centrioles directly promotes aneuploidy 
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via chromosomal instability which drives tumorigenesis as well as causing various birth defects 

[3-7, 32]. Suggestively, the presence of too many centrioles is frequently observed in cancer cells 

[33, 34]. While it has been known for quite some time that centriole duplication is carefully 

restrained temporally so that centriole duplication only occurs once during S-phase, the specific 

targets of the CDK2/cyclin E and A complexes which affect the centriole duplication pathway 

have remained largely unclear.   

 

Two conserved centriole proteins which control centriole amplification and appear early in the 

centriole assembly process are the enzyme Polo-like kinase 4 (Plk4) and the structural protein 

Anastral Spindle 2 (Ana2) [8-20]. Importantly, overexpression of either protein promotes 

multiple daughter centriole assembly [9, 15, 21]. Previously, we identified a mechanism that 

blocks centriole amplification [35], and described this novel pathway as a ‘licensing’ mechanism 

(similar to DNA replication). Specifically, we identified the conserved Ser/Thr kinase, Plk4 [41], 

as a ‘licensing’ factor that localizes to mitotic centrioles and modifies or ‘primes’ them to 

duplicate later during S-phase. Although it is not known how Plk4 activity promotes centriole 

assembly, Plk4 is necessary and sufficient to induce centriole amplification when overexpressed 

[8, 9]. During interphase, Plk4 is normally degraded by the SCFSlimb ubiquitin-ligase, blocking 

further centriole duplication [35, 38]. Even though Plk4 is degraded, centrioles retain their 

‘licensing’ modification and thus are competent to duplicate during S-phase. Proteasome-

mediated degradation of Plk4 is a conserved mechanism that requires its kinase activity [42-44]. 

We (and others) have also shown that Plk4 forms a homodimer and trans-auto-phosphorylates its 

own Slimb-recognition motif, initiating Slimb binding and Plk4 ubiquitination [42, 43, 45]. 

Thus, Plk4 promotes its own destruction to suppress centriole amplification. However, Plk4 is 
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stable during mitosis even though SCFSlimb is present on mitotic centrioles [35]. So how is Plk4 

stabilized and thus activated during mitosis? We found that Protein Phosphatase 2A (PP2A), and 

its regulatory subunit Twins (Tws), dephosphorylates and stabilizes mitotic Plk4 [44]. 

Furthermore, we demonstrated that this mechanism is exploited by the viral oncogene SV40 

small t-antigen to induce centriole amplification [44]. It is possible that this mechanism also 

contributes to centriole amplification during tumorigenesis.  

 

Equally essential to the assembly process is the conserved early daughter centriole protein 

Ana2/STIL [13-21]. Like Plk4, overexpression of this gene induces assembly of multiple 

daughter centrioles that localizes to centrioles at the future site(s) of daughter centriole assembly 

[15, 19, 21, 46, 60, 61]. Ana2/STIL functions downstream of Plk4 and is required for daughter 

centriole assembly [17, 48, 49]. .  Diseases associated with mutations/genomic alterations in 

STIL include microcephaly and various forms of cancer [93-95].  Mutations in STIL cause 

defects in asymmetric cell division during development, leading to the development of primary 

microcephaly [93].  In fact, STIL was originally discovered in the context of human cancer: 

STIL was first identified in patients with T-cell acute lymphoblastic leukemia who were found to 

have a mutation in the gene arising from the fusion of STIL’s promoter with a downstream gene, 

Tal1 [96]. There are some clues in the literature that Ana2/STIL is itself post-translationally 

regulated: for example; it has been shown that STIL is ubiquitinated and its levels kept low 

during G1 with a rise in S-phase concomitant with CDK2/cyclin E and A activity and the onset 

of procentriole formation [65-67].  PP2A activity has also been shown in C. elegans to have an 

effect on the post-translational regulation of the Ana2 orthologue SAS-5 [59].  It is not known 

how Ana2/STIL is directly regulated by the cell cycle machinery or if Ana2 plays an additional 
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upstream role in the centriole assembly process.  In this study we investigate the mechanism by 

which Ana2 is stabilized during the cell cycle which directly controls the timing and fidelity of 

centriole duplication, a pathway which we show to be subverted by viral oncogene expression, 

and provide a causal link between Ana2 and its effect on Plk4 stabilization and centriole 

amplification. 

 

3.3 Results 

3.3.1 Ana2 is ubiqitinated and degraded in a cell cycle-dependent manner.  

Ana2, the orthologue of SAS-5 in C. elegans [48] and STIL in humans [61], has previously been 

shown to be required for centriole duplication in Drosophila [19]. While STIL has shown to be 

post-translationally down-regulated in G1 phase of the cell cycle [60], little is known about Ana2 

regulation.  We generated anti-Ana2 rabbit polyclonal antibodies to facilitate study of Ana2 

regulation throughout the cell cycle.  Immunblotting S2 cell lysates with the anti-Ana2 antibody 

renders two distinct molecular weight bands around 50 kD, the predicted molecular weight for 

the Ana2 protein (Fig. 3.1 A). To determine the specificity of the antibody, RNAi knockdown of 

Ana2 was performed for 7 days using Ana2 dsRNA, after which the two bands detected using 

anti-Ana2 disappeared (Fig. 3.1 A).  Immunostaining was performed on S2 cells using the anti-

Ana2 antibody along with staining of the centriolar protein Asterless using a polyclonal anti-

Asterless antibody we produced in guinea pig, showing a colocalization of Ana2 with centrioles 

(Fig. 3.1 B).  To confirm the efficacy of our Ana2 dsRNA, we counted centrioles in S2 cells 

treated for 7 days with Ana2 dsRNA and found a significant reduction in the number of 

centrioles using the centriolar marker anti-PLP (Fig. 3.1 C and D).  
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Fig. 3.1  

Ana2 is a centriolar protein required to build centrioles. (A) Immunoblot of S2 cell lysates 

showing that our Ana2 polyclonal antibody detects two different M.W. bands which disappear 

upon 5 days of Ana2 RNAi treatment. (B) Micrograph showing that our Ana2 polyclonal 

antibody is able to detect Ana2 colocalizing with the centriole marker Asterless using an anti-Asl 

antibody. Insets show centrioles at higher magnification. 2.5 µm bar (anti-Ana2, red) and (anti-

Asl,green). DNA (blue) is Hoechst stained.  (C) RNAi of Ana2 over 5 days causes a decrease in 

centriole number, providing evidence that Ana2 is required for centriole duplication. n=100 (D) 
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RNAi of Ana2 causes a decrease in centrioles (anti-D-PLP) in S2 cells. Bars, 5 µm (anti-PLP, 

red) DNA (blue) is Hoechst stained. Bar 5 µm.  

 

As little is known about the presence of Ana2 during the cell cycle, we immunoblotted for Ana2 

in S2 cells that were arrested in various stages of the cell cycle using a combination of 

established drug and RNAi treatments.  By knocking down the transcription factor E2F and the 

String phosphatase we effectively lock the cells in G1 and G2 phases respectively, while addition 

of hydroxy urea and aphidocolin arrests cells in S-phase and colcicine treatment results in mitotic 

arrest.  Compared to an asynchronous population of cells, we see that Ana2, like its human 

orthologue STIL [60], is kept low during G1 phase (Fig. 3.2 A).  However, S-phase arrested cells 

show a dramatic increase in Ana2 levels, continuing throughout mitosis (Fig. 3.2A).  

Interestingly, we see a complete absence of Ana2 in the G2 arrest upon String knockdown (Fig 

2A), however, we believe that this could be an artifact of indirectly inactivating CDK1 activity 

as String phosphatase activity is required for CDK1 activation (Figs.  3.3 and 3.5).   Importantly, 

transfection of exogenous V5-tagged Ana2 under an inducible metallothioneine promoter shows 

the same cell cycle-dependent profile as endogenous Ana2, ruling out transcriptional changes 

and suggesting that Ana2 is post-translationally down-regulated during the cell cycle (Fig 3.2 A). 

Since it has been suggested that STIL is down-regulated by ubiquitination and proteasomal 

degradation [60], we tested whether or not there was a difference in endogenous Ana2 levels 

upon inhibition of the proteasome.  Upon the addition of MG132 to S2 cells we saw a significant 

increase in endogenous Ana2 protein levels (Fig 3.2 C).  Further supporting the idea of Ana2 

being downregulated by proteasomal degradation, we found that Ana2 is ubiquitinated upon co-

immunoprecipitation of GFP-Ana2 with triple FLAG-tagged ubiquitin in S2 cells (Fig. 3.2 D).  
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All of these findings are consistent with the hypothesis that Ana2 is post-translationally regulated 

during the cell cycle by ubiquitination and proteasomal degradation.  Suggestively, Ana2 is 

stabilized to a greater extent during S-phase, coinciding with cyclin A and E activity and the 

onset of centriole duplication. 

 

Fig. 3.2  

Ana2 is ubiquitinated and degraded by the proteasome in G1 phase. (A) Upon cell cycle arrest, 

using anti-Ana2 we see that endogenous Ana2 is degraded during G1, but begins to rise starting 

from S-phase to mitosis. Importantly, the V5-tagged Ana2 expressed using an inducible 

metallothioneine promoter follows the same post-translationally regulated degradation pattern as 

seen when immunoblotting for anti-V5. 5 days of E2F RNAi leads to a G1 arrest, 12 hour 

hydroxyurea and aphidocolin treatment leads to an S-phase arrest, while 5 days of String RNAi 

leads to a G2 arrest.  Notably, String RNAi also leads to CDK1 inhibition. Anti-GAPDH serves 

as a loading control.  B) anti-Ana2 immunoblot showing Ana2 protein levels increase upon the 
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addition of the proteasomal inhibitor MG132 for 6 hours C) EGFP-Ana2 immunoprecipitates 

with 3xFlag Ubiquitin upon anti-GFP pulldown and anti-Flag immunoblotting. 

 

3.3.2 Ana2 stabilization is affected by cyclin-dependent kinase activity 

While it has been established for almost two decades that cyclin A and E and CDK2 have been 

required for centriole duplication in Xenopus and human systems [65-67], the downstream 

effectors of CDK activity in regards to centriole duplication have largely remained unknown.  To 

test the attractive hypothesis that Ana2 levels might be directly regulated by CDK activity, we 

mutated serine 172 located in a conserved CDK phosphorylation consensus motif (SPPR) to 

either a phosphomimetic aspartic acid or nonphosphorylatable alanine.  Upon expression from 

the inducible metallotioneine promoter, we see that the phosphomimetic S172D (CDK PM) is 

stable compared to the WT Ana2 transgene (Fig. 3.3 A).  Conversely, when we express the 

nonphosphorylatable (CDK NP) S172A Ana2 transgene, we see that Ana2 is destabilized 

compared to WT levels.  Since this finding suggested that one or more CDK complexes were 

required to stabilize Ana2 during the cell cycle, we decided to knockdown all CDK and cyclin 

complexes in S2 cells and monitor endogenous Ana2 levels in S2 cells (data not shown).  

Remarkably, CDK1, CDK2, and cyclin A and E depletion via RNAi all decrease endogenous 

Ana2 levels significantly compared to control dsRNA (Fig. 3.3 C), while CDK2, cycA and cyc 

RNAi lead to a loss of centriole duplication (Fig. 3.3 B).  It is important to note that we used 

inducible V5 Ana2 constructs for these experiments to rule out indirect effects on Ana2 

transcript levels.  To determine if these CDK complexes are influencing Ana2 stability through 

the conserved S172 CDK phosphorylation residue, we transfected the CDK PM mutant of Ana2 

in cell depleted of CDK1, 2 and cyclin A and E.  Importantly, we saw an increase, albeit 
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moderate, of Ana2 stabilization upon mutation of the CDK serine residue to aspartic acid (Fig. 

3.3 D).  Together these results suggest an important role of CDK1 and CDK2 complexed with 

cyclin A and E respectively, in protecting Ana2 from degradation. 

 

 

 

Fig. 3.3  

Ana2 stability requires CDK1/2 and cycA/E activities and mutating the CDK phosphorylation 

consensus motif changes Ana2 levels. (A) Mutanting the serine in the conserved CDK 

phosphorylation consensus motif to a phosphomimetic aspartic acid residue stabilizes Ana2 

while the non-phosphorylatable alanine mutants renders Ana2 more susceptible to degradation.  

Anti-tubulin serves as a loading control. (B) 5 days of RNAi treatment against CDK2, cycE and 

cycA leads to a decrease in centriole number when using anti-PLP as a centriole marker. n=100. 

(C) 5 days RNAi against CDK1/2 and cycA/E but not cycB1/B3 leads to a decrease in Ana2 

levels.  V5-tagged Ana2 was expressed using a CuSO4 inducible metallothioniene promoter. (D) 
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Mutation of Ana2 to the more stable S172D CDK phosphorylation mimetic mutant partially 

rescues the decrease in Ana2 levels seen when CDK1/2 and cycA/E are depleted via RNAi. Anti-

alpha tubulin serves as a loading control, Ana2 immunblotted using anti-V5. 

 

 

3.3.3 CDK phosphorylation of Ana2 at multiple sites protects Ana2 from degradation and leads 

to centriole amplification.   

Since mutation of a single serine in Ana2 to a phosphomimetic aspartic acid residue did not 

completely rescue CDK1 and 2 inhibition, we decided to mutate two other CDK phosphorylation 

recoginition motif serines in Ana2.  We chose residues S345 and S365 to mutate because both of 

these residues are phosphorylated in vivo (Fig. 3.8) and because S365 resides in the highly 

conserved functionally important STAN domain (Fig. 3.4 A).  To determine if these additional 

CDK PM mutations lead to an enhancement in Ana2 stability, we transfected inducible 

transgenes in S2 cells and blocked translation with the addition of cyclohexamide.  When we 

follow Ana2 stability over time after blocking translation, we see that the double CDK PM 

mutants are more stable than the single CDK PM mutant or WT Ana2, while the CDK NP 

mutant is significantly destabilized (Fig. 3.4 B).  Remarkably, mutation of Ana2 to the triple 

CDK PM mutant is much more stable than WT or either double CDK PM mutants.  To 

determine the effect of Ana2 stabilization on centriole number, we counted centrioles in S2 cells 

expressing the single, double and triple CDK PM and found a significant increase in centriole 

number compared to WT Ana2 overexpression (Fig. 3.4 C).  Intriguingly, overexpression of the 

unstable CDK NP mutant led to a significant decrease in centriole number compared to control 

cells, suggesting a dominant negative effect on centriole duplication (Fig. 3.4 C. Together, these 
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findings suggest phosphorylation of Ana2 by CDK complexes on multiple serine residues leads 

to stabilization of Ana2 and that disruption of this pathway can lead to centriole amplification. 

 

 

 

 

Fig. 3.4  
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Multiple CDK phosphorylation consensus sites are involved in Ana2 degradation. (A) Linear 

map of Drosophila Ana2, showing the conserved coiled-coil (CC) and functionally important 

conserved STAN domain.  Mutations were made at the serines of the conserved CDK 

phosphorylation consensus motifs highlighted in red. (B) Immunoblots of the GFP-tagged Ana2 

constructs using anti-GFP.  Upon the addition of cyclohexamide to block translation, we see that 

the triple SD mutant is more stable than WT or the single and double SD mutants.  The non-

phosphorylatable SA mutant is less stable than WT over the six-hour cyclohexamide treatment. 

(C) Centriole amplification occurs when two and three of the Ana2 CDK phosphorylation 

consensus serines are mutated to phosphomimetic aspartic acid residues.  V5-tagged Ana2 

constructs were expressed through the inducible metallothioneine promoter for 2 days.  Anti-PLP 

was used as a centriole marker.  Experiments were performed in triplicate, counting 100 cells per 

treatment.  Error bars are SD of the mean.  * denotes p > 0.05, ** p < 0.001. 

 

 

3.3.5 Ana2 directly interacts with cyclins A and E and overexpression of cycA, cycE or cycB1 

leads to Ana2 stabilization. 

To determine if Ana2 directly associates with cyclins A and E, coimmunoprecipitation with GFP 

tagged cyclins were performed with V5-tagged and endogenous Ana2.  Upon cyclin A-GFP 

pulldown, we see a strong association with both endogenous and V5-tagged Ana2 (Fig 3.5 A).  

Similarly, when we pulldown cyclin E-GFP we see a strong interaction with endogenous Ana2 

(Fig 3.5 B). As we noticed a significant increase in Ana2 stabilization in the inputs of our cyclin 

E overexpression experiments, we decided to take a more thorough look at the effect of cyclin 

overexpression on Ana2 stabilization.  To our surprise, cyclins A E and B1 GFP overexpression 
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all increased Ana2 stability compared to GFP expression alone (Fig 3.5 C), suggesting the idea 

that any cyclin that can complex with CDK 1 or 2 can activiate these CDK’s to phosphorylate 

Ana2 and protect Ana2 from degradation.  As an increase in Ana2 stability led to centriole 

amplification as shown previously (see Fig. 3.4 C), we counted centriole numbers in S2 cells 

where we overexpressed cyclins and found that overexpression of cyclin A led to centriole 

amplification (Fig. 3.4 D).  These results suggest that cyclins A, E and even B1 can all directly 

interact with Ana2 to promote its stability and even lead to centriole amplification. 

 

 

Fig. 3.5  

Ana2 associates with both cyc A and E and overexpression of cycA, B1, and E stabilizes Ana2. 

(A) Cyclin A-EGFP co-immunoprecipitates with endogenous and V5 tagged Ana2 after pulling 

down cycA-EGFP using anti-GFP and immunoblotting for anti-Ana2 and anti-V5 respectively.  



112 
 

(B) Cyclin E-EGFP co-immunoprecipitates with endogenous Ana2 when cycE-EGFP is pulled 

down using anti-GFP and immunoblotted for anti-Ana2 (C) Overexpression of cycA-EGFP, cyc-

B1-EGFP or cycE-EGFP stabilizes Ana2 and leads to an increased molecular weight when 

immunoblotting for anti-Ana2.  Anti-alpha tubulin is used as a loading control. (D) 

Overexpression of cycA-EGFP over the course of two days leads to an increase in centriole 

amplification.  Centrioles were counted using the anti-PLP centriole marker. n=100. 

 

3.3.6 Ana2 is stabilized upon PP2A inhibition 

Previously it has been shown that the C. elegans orthologue of Ana2, SAS-5, can associate with 

PP2A and that PP2A activity can positive regulate SAS-5 protein levels [106].  To determine if 

PP2A activity has an effect on Ana2 post-translational regulation we first inhibited PP2A activity 

with the specific inhibitor okadaic acid (OA).  Upon addition of 10nM OA, surprisingly we 

found the opposite effect on Ana2 stabilization than what has previously been reported for SAS-

5 regulation; inhibition of PP2A leads to a significant increase in Ana2 levels (Fig. 3.6 A).  

Furthermore, a upward mobility shift of endogenous Ana2, suggestive of a hyperphosphorylated 

species, led us to believe that PP2A was directly dephosphorylating Ana2 to promote its 

degradation (Fig. 3.6 A).  By performing RNAi against the different PP2A subunits, we found 

that depletion of the catalytic (Mts) and structural (PP2A-29B) subunits of PP2A led to both an 

increase and upward mobility shift of endogenous Ana2 protein (Fig 3.6 B).  Upon depletion of 

the various regulatory subunits of PP2A, we found change in the shift of Ana2 MW; however 

when we co-depleted the functionally redundant Wrd and Wdb subunits of PP2A, we saw an 

increase in Ana2 levels as well as a shift of Ana2 to a hyperphosphorylated species (Fig 3.6 B). 

We also investigated the effect of overexpression of various PP2A regulatory subunits on both 
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Ana2 mobility and centriole numbers and found that while Wrd overexpression alone led to a 

downward mobility shift of Ana2, overexpression of either Wrd or Wdb both led to a decrease in 

centriole number, as might be expected if PP2Awrd/wdb activity is involved in downregulating 

Ana2 levels (Fig. 3.6 C and D). While PR72 regulatory subunit overexpression had no effect on 

centriole numbers, overexpression of the Twins regulatory subunit led to an increase in centriole 

amplification, presumably via Plk4 stabilization as we previously published [2, 44].  Together 

these results suggest that PP2Awrd/wdb activity acts to destabilize Ana2 protein levels and limit 

centriole duplication. 

 

 

Fig. 3.6  

PP2Awrd/wdb dephosphorylates Ana2 to promote degradation and limit centriole duplication. 

(A) Immunoblotting S2 cell lysates with anti-Ana2 after blocking PP2A activity with okadaic 

acid (OA) for 12 hours increases Ana2 levels and leads to a higher molecular weight shift. Anti-
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tubulin is used as a loading control. (B) Immunoblotting S2 cell lysates for endogenous Ana2 

using anti-Ana2 after 5 day RNAi treatment of all PP2A subunits shows a shift upwards and an 

increase in Ana2 levels upon knockdown of the PP2A catalytic subunit microtubule star (Mts), 

the structural subunit PP2A-29B, and the double knockdown of the redundant regulatory 

subunits well-rounded (Wrd) and Widerborst (Wdb). Anti-alpha tubulin serves as a loading 

control. (C) Immunoblotting S2 cell lysates for endogenous Ana2 using anti-Ana2 reveals a 

downward shift in mobility upon overexpression of the Wrd regulatory subunit.  (D) 

Overexpression of the regulatory subunits Wrd-EGFP and Wdb-EGFP cause a decrease in 

centriole number while Tws-EGFP overexpression causes an increase in centriole number.  Anti-

PLP is used as the centriole marker to count centrioles.  Experiments were performed in triplicate 

with 100 cells counted in each experiment.  Error bars are SD of the mean.  * denotes p < 0.05. 

 

3.3.7 PP2A destabilizes Ana2 through the CDK phosphorylation consensus site  

Since we have shown the cyclin/CDK phosphorylation of Ana2 protects Ana2 from degredation, 

an intriguing hypothesis is that PP2A might be promoting Ana2 degradation through 

dephosphoylation of the CDK phosphorylation sites (see Fig. 3.3, 3.4 and 3.5). To test this 

hypothesis, we transfected the Ana2 CDK NP mutant into S2 cells which were treated with the 

PP2A inhibitor OA.  While OA addition leads to an increase in WT Ana2 levels and an upward 

mobility shift suggestive of increased phosphorylation, OA addition to cells transfected with the 

Ana2 CDK NP mutant showed appreciable change in shift or stabilization (Fig. 3.7 A and B).  

Notably, these transgenes were expressed from an inducible promoter to rule out the effects of 

PP2A inhibition on Ana2 trancription rates. This result strongly suggests that PP2A activity 
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promotes Ana2 degradation through at least one CDK phosphorylation consensus site, very 

possibly by counteracting the protective phosphorylation effects of CDK1 and CDK2 at this site. 

 

3.3.8 SV40 small tumor antigen expression promotes Ana2 stability. 

The tumorigenic virus Simian Virus 40 (SV40) promotes centriole amplification through 

expression of the small tumor antigen (ST) by specifically interacting with PP2A [64].  We have 

previously shown that part of the mechanism for the effect is by SV40 ST’s ability to mimic the 

PP2A regulatory subunit Twins’ function in stabilizing Plk4 [44].  It is well-established that 

SV40 ST overexpression inhibits PP2A recognition of most of its substrates by displacing the 

endogenous regulatory subunits [64].  We wanted to test the hypothesis that ST might increase 

Ana2 stabilization by inhibiting normal PP2A substrate recognition and preventing Ana2 

dephosphorylation by PP2A, which we previously showed to increase Ana2 levels (See Figs. 3.7 

and 3.8).  To accomplish this, we overexpressed SV40 ST-GFP in S2 cells and immunoblotted 

for GFP-Ana2 and found a significant increase in Ana2 stabilization compared to GFP 

expression alone (Fig. 3.8 C).  To determine whether this SV40 ST stabilization of Ana2 

required the conserved phosphorylatable CDK residue, we co-transfected our GFP-Ana2 CDK 

NP S172A mutant with SV40 ST GFP and found no change in Ana2 stabilization (Fig. 3.8 D).  

These results suggest that SV40 ST can hijack the CDK/PP2A regulation pathway of Ana2 to 

promote centriole amplification in addition to stabilizing Plk4 as we found previously [44]. 
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Fig. 3.7  

PP2A inhibition and SV40 ST expression stabilizes Ana2 through the serine of the CDK 

phosphorylation consensus site. (A) Inhibition of PP2A activity through okadaic acid (OA) 

treatment increases metallothioniene promoter-driven GFP-Ana2 levels.  Immunoblots of GFP-

Ana2 using anti-GFP and anti-alpha tubulin as the loading control. (B)  The non-

phosphorylatable GFP-Ana2 CDK mutant is not stabilized upon OA treatment.  Immunoblots of 

GFP-Ana2 using anti-GFP and anti-alpha tubulin as the loading control. (C) Overexpression of 

the SV40 small tumor antigen (ST) increases GFP-Ana2 levels.  Immunoblots of GFP-Ana2 

using anti-GFP and anti-alpha tubulin as the loading control. (D) The non-phosphorylatable 

GFP-Ana2 CDK mutant is not stabilized upon overexpression of SV40 ST.  Immunoblots of 
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GFPP-Ana2 using anti-GFP and anti-alpha tubulin as the loading control.  All experiments were 

performed in S2 cells. 

 

3.3.9 Inhibition of PP2A leads to an increase in phosphorylated residues but a decrease in 

ubiquitinated residues in Ana2. 

The previous data suggest that PP2A is directly dephosphorylating Ana2, possibly on multiple 

residues to affect Ana2 stability.  To determine which residues in Ana2 are being 

dephosphorylated by PP2A in vivo, we treated S2 cells 12 hours with 10nM of the PP2A 

inhibitor OA and performed a GFP-Ana2 pulldown and processed the samples for mass 

spectrometry analysis.  We found that 21 serines and 6 threonines are phosphorylated in Ana2 

upon OA treatment, compared to 13 serines and 2 threonines in Ana2 from DMSO treated S2 

cells, leading to a difference of 8 and 4 phosphorylated serines and threonines respectively (Fig. 

3.9 A and B).  Furthermore, of those 8 differentially phosphorylated serines, 2 of them are 

located in proline-directed CDK phosphorylation consensus sites (Fig. 3.9 A and B).  As a 

possible explanation for why Ana2 is more stable upon PP2A inhibition, we found that 3 lysines 

in Ana2 are no longer ubiquitinated upon PP2A inhibition (Fig. 3.9 C and D).  This data suggests 

that PP2A might be directly dephosphorylating Ana2 on multiple serines and threonines 

including the protective CDK phosphorylation sites.  Additionally, a drop in ubiquitinated 

lysines upon PP2A inhibition corroborates the fact that PP2A activity leads to an increase in 

Ana2 proteasomal degradation by dephosphorylating protective serine residues. 
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Fig. 3.8  

Mass spectrometry reveals an increase in the amount of phospho-serine and threonine residues 

and a decrease in the amount of ubiquitinated lysine residues upon inhibition of PP2A. (A) Mass 

spectrometry analysis of control 12 hour DMSO-treated S2 cells show 13 phospho-serines (*S) 
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and 2 phospho-threonines (*T), 7 serines of which belong to serine-proline-directed CDK 

phosphorylation consensus motifs. (B) Addition of 10nM of the PP2A inhibitor OA for 12 hours 

leads to an increase in phospho-serine and threonine residues, 2 of which are CDK consensus 

serines. (C) and (D) Addition of 10nM OA for 12 hours leads to a reduction in the number of 

ubiquitinated lysine residues (10 vs. 7 resp.). 

 

3.3.10 STIL is phosphorylated on multiple CDK phosphorylation consensus sites to promote 

STIL stability and centriole duplication in humans. 

STIL is a centriolar protein required for centriole duplication and is the human orthologue of 

Ana2 and has previously been shown to be post-translationally regulated throughout the cell 

cycle [60, 61].  In order to determine whether STIL, like Ana2, is post-translationally regulated 

by CDK activity, we made several CDK phosphorylation recognition motif mutants and 

analyzed at their stabilization.  We found that mutation of either one PM CDK site or two CDK 

sites to PM mutants (S202E and S1012D) resulted in a significant increase in STIL stability, with 

two PM CDK mutations conferring the greatest protection from degradation (Fig. 3.9 A and B).  

Since these results suggest that CDK phosphorylation of STIL at these sites promotes STIL 

stability, we decided to test whether CDK1 and 2 might be the kinases involved in promoting 

STIL stability, since both of these CDK’s have long been known to be required for centriole 

duplication [65-67].  S-phase arrest of U2OS cells by the addition of aphidocolin results in 

centriole amplification, a phenomenon which can be prohibited by inhibition of CDK1 and 

CDK2 activities by adding the drugs RO-3306 and Roscovitine respecitively [65-67].  

Surprisingly, we can rescue centriole amplification even after CDK1 and CDK2 inhibition just 

by overexpressing exogenous STIL protein (Fig. 3.9 C).  These results suggest that not only is 
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STIL stabilized by CDK phosphorylation at multiple sites but also that STIL might be the long-

sought target of the S-phase CDK’s known to be required for centriole duplication. 

 

 

 

Fig. 3.9  

Mutation of conserved CDK phosphorylation consensus motifs in human STIL leads to an 

increase in STIL levels and overexpression of STIL rescues centriole duplication in cells lacking 

> 2 Centrioles 

2 to 4 Centrioles 

>  4 Centrioles 



121 
 

CDK1 and CDK2 activity. (A) A double CDK phosphomimetic mutant of GFP-STIL leads to 

STIL stabilization while the double CDK non-phosporylatable GFP-STIL mutant is degraded.  

Immunoblots were performed on U2OS lysates by blotting for anti-GFP with anti-alpha tubulin 

as a loading control. (B) Mutation of two CDK phosphorylation consensus sites in GFP-STIL 

leads to greater stabilization of STIL than WT or single a CDK PM mutant. (C) Arresting U2OS 

cells in S-phase leads to an increase in centriole amplification which is blocked upon CDK1 

inhibition (9nM RO-3306 treatment) or CDK2 inhibition (20nM Roscovitine treatment.)  

Centriole duplication is rescued upon the overexpression of GFP-STIL.  Centriole counts were 

performed in U2OS cells using anti-centrin 2 and anti CP110 centriole markers.  Cells were 

arrested in S-phase using aphidocolin for 10 hours before the addition of CDK1 and CDK2 

inhibitors, the S-phase arrest was held over the course of 64 hours total, with 54 hours of CDK 

inhibitor treatment. 

 

3.3.11 Overexpression of Ana2 amplifies centriole numbers by ectopically activating Plk4. 

It has previously been shown that overexpression of STIL and Ana2 leads to cenriole 

amplification [11, 60, 61] but the mechanism is not entirely clear.  Overexpression of STIL leads 

to centriole amplification through formation of multiple daughters emanating from one mother 

centriole (structures termed ‘rosettes’), a phenotype also seen upon overexpression of the 

centriole duplication licensing factor Plk4 [8-20, 60, 61].  This overservation led us to the 

hypothesis that perhaps Ana2/STIL overexpression might be leading to centriole amplification 

through activating Plk4 activity.  To test this, first we co-transfected GFP-Ana2 and Plk4 GFP in 

S2 cells and immunoblotted using anti-GFP.  Surprisingly, we found that ectopic expression of 

GFP-Ana2 led to increased stability of Plk4-GFP, an effect that was enhanced upon stabilizing 
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Ana2 by mutating its CDK site to a PM S172D (Fig. 3.10 A).  Next, we wanted to determine 

whether or not Ana 2 might be activating Plk4 kinase activity.  To test the ability of Ana2 to 

activate Plk4 in vitro, His6-Plk4 1-317 (comprising the kinase and DRE domains) was mixed 

with either dephosphorylated myelin basic protein (MBP, Millipore) or GST-Ana2. Plk4 kinase 

activity was evaluated by the measuring the levels of Plk4 autophosphorylation.  The resolved 

His6-Plk4 1-317 bands for each sample were cut from the gels and Cerenkov counted in a 

scintillation counter.  In Fig. 3.10 B, autophosphorylation of Plk4 (Cerenkov counts per minute; 

y-axis) is plotted as a function of time (minutes; x-axis) for the five reactions.  Note that the 

initial rates of Plk4 autophosphorylation are similar for all reactions but one:  the initial rate is 

clearly greater when equimolar Ana2 is present.  This result indicates that Ana2 enhances Plk4 

kinase activity.  Interestingly, the ultimate level of autophosphorylation (estimated from the 

apparent asymptote for each curve) is also greatest when equimolar Ana2 is present.  This result 

suggests that Ana2 enables Plk4 to autophosphorylate additional residues that otherwise are not 

targeted.  Together, these findings suggest that stabilization and overexpression of Ana2 might 

lead to centriole amplification by both stabilizing Plk4 and enhance its kinase activity. 
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Fig. 3.10  

Ana2 overexpression stabilizes Plk4 and enhances its kinase activity. (A) GFP Ana2 WT and the 

single CDK phospho-mimetic GFP-Ana2 mutant were overexpressed in S2 cells and 
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immunoblotted for GFP-Ana2 and Plk4 GFP using anti-GFP antibodies.  Overexpression of 

Ana2 results in stabilization of Plk4.  Anti-alpha tubulin is used as a loading control. (B) 

Quantification of autophosphorylation of Plk4 was made using a scintillation counter.  

Bacterially expressed Ana2 was mixed with bacterially expressed Plk4 kinase domain and γ
32P-

ATP.  Addition of Ana2 increases the rate and amount of Plk4 autophosphorylation but not the 

control maltose-binding protein (MBP). (C) RNAi of Plk4 does not change Ana2 levels.  RNAi 

was performed in S2 cells for 7 days, cell lysates were immunoblotted for endogenous Ana2 

using anti-Ana2 with anti-alpha tubulin as a loading control. (D) Overexpression of the stable 

Plk4-GFP slimb-binding mutant had no effect on endogenous Ana2 levels.  Plk4-GFP was 

immunobloted using anti-GFP and Ana2 using anti-Ana2 with anti-alpha tubulin as loading 

control. 
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Fig. 3.11  

Model. (A) Plk4 licenses mother centrioles competent to duplicate through its activation by 

PP2Atws during mitosis, whereby PP2A counteracts Plk4 autophosphorylation in the slimb-

binding domain to prevent degradation by the Slimb ubiquitin ligase. (B) Cyclins A and E 

promote CDK1 and 2 phosphorylation respectively of Ana2 at numerous serine residues to 

promote Ana2 stabilization starting from S-phase, the start of centriole duplication, to M-phase 

whereby centriole licensing occurs.  PP2Awrd/wdb counteracts CDK phosphorylation of Ana2 to 

ensure the fidelity of centriole duplication and limit Ana2 accumulation.  SV40 ST hijacks both 

pathways by acting as a Twins regulatory subunit mimic and inhibiting other PP2A function to 

both ectopically stabilize Plk4 and Ana2 levels, leading to centriole amplification. 
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3.4 Discussion 

While STIL has been shown before to be post-translationally regulated in a cell-cycle dependent 

manner [21, 60, 61], it was previously unknown whether the Drosophila orthologue Ana2 was 

regulated in the same way.  We have found in this study that Ana2 is not only ubiqitinated, but 

also degraded by the proteasome.  We also arrested S2 cells during various stages of the cell 

cycle and using our anti-Ana2 antibodies we see that Ana2 levels are kept low during G1 (E2F 

RNAi) and begin to rise during S-phase (hydroxyl urea/aphidocolin treated cells) while 

remaining high for the rest of the cell cycle (G2 via string RNAi, mitosis via colchicine 

treatment) (Fig. 3.2).  We also used a V5-tagged Ana2 construct that uses an inducible promoter 

which produced the same degradation pattern, suggesting that Ana2 is post-translationally 

degraded during G1, and ruling out any indirect cell cycle effects on Ana2 transcription rates 

Studies of Ana2 in human cells and C. elegans embryos suggest that phosphorylation regulates 

its susceptibility to degradation, adding another important layer of centriole duplication control 

[21, 58-60]. The components of this mechanism and how they are linked to the cell cycle are not 

clear; however it is known that Ana2 localizes to procentrioles during S-phase [21, 54, 60, 61]. 

Ana2 encodes a conserved Cyclin-dependent kinase (Cdk) phospho-site (SPPR; Figs. 3.3 and 

3.4), and we mutated Ser172 in this site to non-phosphorylatable (NP) Ala or phosphomimetic 

(PM) Asp. Expression of these mutants revealed that PM-Ana2 was dramatically stabilized and 

promoted centriole amplification, whereas NP-Ana2 was near undetectable (Figs. 3.3 and 3.4). 

Moreover, expression of PM-Ana2 increases centriole amplification whereas expression of the 

WT or V5 control tag does not (Fig. 3.4).  Similarly, when the serines in the CDK 

phosphorylation consensus sites in the human orthologue STIL are mutated to PM 
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T202E/S1012D we see that STIL is now more stabilized than WT and that mutation of these 

same resides to NP alanines reverses this trend, resulting in a destabilization of STIL (Fig. 3.9).   

We also show in this study that Cdk1, Cdk2, and cyclin A and E are needed to phosphorylate 

Ana2 in cells, and that the depletion of these proteins cause a dramatic decrease in Ana2 levels, 

(Fig. 3.2), suggesting that Ana2 is protected from degradation by at least two Cdk/cyclin 

complexes (Cdk1-cycA and Cdk2-cycE). Also, Ana2 directly associates with both cyclin E and 

A via co-immunoprecipitation in S2 cells (Fig. 3.5). Intriguingly, mutation of multiple CDK sites 

to PM versions lead to increasing levels of STIL stabilization and centriole amplification (Fig. 

3.4).  Together these findings are highly suggestive of a CDK/cyclin complex which promotes 

Ana2/STIL stabilization via phosphorylation of multiple sites.  Similarly, the human orthologue 

of Ana2, STIL, is also controlled via CDK phosphorylation and we found that overexpression of 

STIL can rescue centriole reduplication upon CDK1 and CDK2 inhibition (Fig. 3.9). These 

findings are particularly exciting because they provide a mechanistic explanation for the decade-

old observation that Cdk2-cycA/E promotes centriole duplication [65-67]. Our data suggest that 

Ana2 may be the missing link in this mechanism. 

 

In an interesting twist, unlike the case with SAS-5 in C. elegans, PP2A activity promotes Ana2 

degradation, specifically through the Wrd and Wdb regulatory subunits and via multiple CDK 

phosphorylation recognition sites (Fig. 3.6, 3.7 and 3.8).  The importance of the role of this 

pathway in maintaining the fidelity of centriole duplication can be seen in light of the 

tumorigenic virus SV40 small tumor antigen’s ability to sabotage Ana2 regulation by inhibiting 

PP2A activity to ectopically stabilize Ana2 and drive centriole amplification (Fig. 3.7).  Finally, 

we dissected the molecular mechanism by which stabilization of STIL or Ana2 might drive 
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centriole amplification by analyzing the effects of Ana2 stabilization and overexpression on both 

the stability and kinase activity of the centriole licensing factor Plk4 in which we found that 

Ana2 not only stabilizes Plk4 but can promote Plk4 kinase activity (Fig 3.10).   

 

Together, the findings in this paper provide a step forward in our understanding of how the 

centriole duplication pathway is directly tied to the cell cycle. 

 

3.5 Materials and methods 

3.5.1 Cell culture and double-stranded RNAi (dsRNA) 

Drosophila S2 cell culture, in vitro dsRNA synthesis, and RNAi treatments were performed as 

previously described (Rogers and Rogers, 2008). In brief, cells were cultured in Sf900II SFM 

media (Life Technologies). RNAi was performed in 6-well plates. Cells (50–90% confluency) 

were treated with 10 µg dsRNA in 1 ml media and replenished with fresh media/dsRNA every 

other day for 4–7 d. The gene-specific primer sequences used to amplify DNA templates for 

RNA synthesis are shown in Table S2.1. Control dsRNA was synthesized from control DNA 

template amplified from a non-GFP sequence of the pEGFP-N1 vector (Takara Bio Inc.) using 

the primers 5′-CGCTTTTCTGGATTCATCGAC-3′ and 5′-TGAGTAACCTGAGGCTATGG-3′ 

(all primers used for dsRNA synthesis in this study begin with the T7 promotes sequence 5′-

TAATACGACTCACTATAGGG-3. Cell cycle arrest was induced by treating cells for ≥24 h 

with a final concentration of 1 µM hydroxyurea + 10 µM aphidicolin (S-phase arrest) or 12 h of 

30 µM colchicine (M-phase arrest; this treatment produces a mitotic index of �30%) as 

previously described (Rogers et al., 2009). OA was used at a final concentration of 10 nM. 
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3.5.2 Immunofluorescence microscopy 

For immunostaining, S2 cells were fixed and processed exactly as previously described (Rogers 

and Rogers, 2008) by spreading S2 cells on concanavalin A–coated, glass-bottom dishes and 

fixing with 10% formaldehyde. Primary antibodies were diluted to concentrations ranging from 1 

to 20 µg/ml. They included rabbit and guinea pig anti–pericentrin-like protein (PLP; produced in 

laboratory), guinea pig anti-asterless protein (produced in laboratory), rabbit anti-Ana2 protein 

(produced in laboratory), anti-GFP antibodies (monoclonal JL8 and polyclonal Living Colors; 

Takara Bio Inc.), anti-V5 (Life Technologies), anti–α-tubulin DM1a (Sigma-Aldrich), and anti-

FLAG M2 (Sigma-Aldrich). Secondary antibodies (conjugated with Cy2, Rhodamine red-X, or 

Cy5 [Jackson ImmunoResearch Laboratories, Inc.]) were used at manufacturer-recommended 

dilutions. Hoechst 33342 (Life Technologies) was used at a final dilution of 3.2 µM. Cells were 

mounted in 0.1 M n-propyl galate, 90% (by volume) glycerol, and 10% PBS solution. Specimens 

were imaged at room temperature using a DeltaVision Core system (Applied Precision) equipped 

with a microscope (IX71; Olympus), a 100× objective, NA 1.4, and a cooled charge-coupled 

device camera (CoolSNAP HQ2; Photometrics). Images were acquired with softWoRx v1.2 

software (DeltaVision). Statistical analyses of centriole counts were performed using two-tailed 

two-sample t tests and assuming equal variances. 

 

3.5.3 Immunoblotting 

S2 cell extracts were produced by lysing cells in PBS and 0.1% Triton X-100. The Bradford 

protein assay (Bio-Rad Laboratories; per manufacturer’s instructions) was used to measure lysate 

protein concentrations. Laemmli sample buffer was then added, and samples were boiled for 5 

min. The efficiency of RNAi was determined by Western blotting of treated cell lysates; equal 
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total protein was loaded for each sample, and the integrated densities of chemiluminescent bands 

(measured with ImageJ [National Institutes of Health]) were normalized relative to the integrated 

densities of the loading control. Either endogenous α-tubulin or GAPDH was used as a loading 

control. 

 

3.5.4 Antibodies 

Escherichia coli–expressed GST- or maltose-binding protein–Ana2 proteins or Asterless proteins 

were purified on either glutathione-Sepharose or amylose resin (Rogers et al., 2008, 2009). 

Guinea pig antisera were raised against GST-tagged purified Ana2 protein, and the 

corresponding maltose-binding protein fusion was used for antibody affinity purification by 

precoupling to Affi-Gel 10/15 resin (Bio-Rad Laboratories). Antibodies were affinity purified 

from antisera using resin with coupled peptide. Additional antibodies used for Western blotting 

include monoclonal anti-GFP JL8 and anti-FLAG used at 1:1,000 dilutions. HRP-conjugated 

secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.) were prepared according to 

the manufacturer’s instructions and used at 1:1,500 dilutions. 

 

3.5.5 Constructs and transfection 

cDNAs encoding SV40 ST (Addgene), Plk4 (Rogers et al., 2009), Tws/CG6235 (EST database: 

Drosophila LD12394, accession no. AY061152), Ana2, PR72, Wrd, Wdb, CDK1, CDK2, cyclin 

A, cyclin E, and cyclin B1 were subcloned into the inducible metallothionein promoter pMT 

vector and tagged with either FLAG, GFP, or V5. Expression of all constructs was induced by 

addition of 0.5–2 mM copper sulfate to the media. STIL was subcloned into the pEGFP-N1 

vector and tagged with GFP under the constitutively active CMV promoter.  Transient 
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transfections were performed using the Nucleofector II (Lonza) according to manufacturer’s 

instructions. 

 

3.5.6 In vitro kinase assay 

His6-Plk4 1-317 was bacterially expressed and purified from the lysed bacteria using HisPur 

resin (Fisher), an immobilized metal ion affinity resin, according to manufacturer’s instructions.  

GST-Ana2 was bacterially expressed and purified from the bacterial lysate using glutathione 

Sepharose 4 Fast Flow resin (GE Healthcare) according to manufacturer’s instructions.  MBP 

and GST-Ana2 were added to the reactions at either equimolar or substoichiometric (1:20 molar 

ratio) concentrations relative to Plk4, and the assays were initiated by the addition of γ32P-ATP 

(70µM).  Assays were performed in reaction buffer (40mM Na HEPES, pH 7.3, 150mM NaCl, 

5mM MgCl2, 0.5mM MnCl2, 0.1mM DTT, 10% glycerol) at 24°C.  The concentration of Plk4 

(5µM) was the same in all assays.  MBP was included as a negative control, even though both 

MBP and GST-Ana2 (but not purified GST) are substrates for His6-Plk4 1-317.  Aliquots were 

removed from the reactions at various time-points (1, 5, 10, 15, 30, and 60min), quenched in 

Laemmli sample buffer and held at -20°C.  Samples were then resolved by SDS-PAGE and 

Coomassie stained. 

 

3.5.7 Mass spectometry 

Samples selected for mass spectrometry analysis were first resolved by SDS-PAGE to 

isolate proteins of interest.  Gels were fixed and Coomassie-stained using freshly prepared 

reagents to minimize the possibility of sample contamination.  Bands of interest were cut from 

the gel, diced into ~1mm2 cubes and then transferred to new 1.7mL polypropylene tubes.  
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Samples were destained with 50% acetonitrile / 50% 100mM NH4HCO3, reduced (10µM 

dithiothreitol, 55°C, 1hr), alkylated (55mM iodoacetamide, room temperature, 45min), trypsin 

digested (~1µg trypsin, 37°C, 12hrs) in-gel, and then extracted several times with 50% 

acetonitrile/1% trifluoroacetic acid (45°C, 20min) and the pooled extract dried in a Speed-Vac. 

Peptide samples were loaded onto a Zorbax C18 trap column (Agilent Tech., Santa Clara, 

CA) to desalt the peptide mixture using an on-line Eksigent (Dublin, CA) nano-LC ultra HPLC 

system.  The peptides were then separated on a 10 cm Picofrit Biobasic C18 analytical column 

(New Objective, Woburn, MA).  Peptides were eluted over a 90 min linear gradient of 5-35% 

acetonitrile/water containing 0.1% formic acid at a flow rate of 250 nL/min, ionized by 

electrospray ionization (ESI) in positive mode, and analyzed on a LTQ Orbitrap Velos (Thermo 

Electron Corp., San Jose, CA) mass spectrometer.  All LC MS analyses were carried out in 

“data-dependent” mode in which the top 6 most intense precursor ions detected in the MS1 

precursor scan (m/z 300-2000) were selected for fragmentation via collision induced dissociation 

(CID).  Precursor ions were measured in the orbitrap at a resolution of 60,000 (m/z 400) and all 

fragment ions were measured in the ion trap.  

LC MS/MS data acquired from tryptic digests were searched independently using the 

MASCOT algorithm.  All data were searched against the Drosophila NCBInr protein database 

for peptide and protein identifications. Trypsin or chymotrypsin was specified as the digestion 

enzyme, allowing for up to 2 missed cleavage sites.  Carbamidomethylation (C) was set as a 

static modification and Oxidation (M) and Phosphorylation (S,T,Y) were selected as variable 

modifications.  Precursor and fragment ion mass tolerances were set to 20 ppm and ± 0.8 Da, 

respectively.  Following MASCOT searches, database search results were combined to obtain a 

comprehensive map of all peptides identified from the protein of interest (e.g., Ana2). 
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CHAPTER FOUR: FUTURE STUDIES AND CONCLUSION 

4.1 Future Studies 

4.1.1 Finding the phosphorylation targets of Plk4 involved in centriole duplication 

My studies identify six key questions that still need to be answered in regards to the two 

centriole duplication regulatory pathways that I have characterized.  First, Plk4 is one of the first 

centriolar proteins to localize to the mother centriole at the future site of the nascent daughter 

centriole and is thought to be a master regulatory of centriole duplication; however there is a 

dearth of papers on Plk4 phosphorylation targets.  As such, identifying the Plk4 target(s) should 

be a top priority in the centriole duplication field.  A prime candidate is the early centriolar 

protein Ana2/STIL for several reasons: first, Ana2 localizes to the nascent procentriole at the 

very interface between mother and daughter; second, overexpression of Ana2 leads to centriole 

amplification and shares a similar ‘rosette’ phenotype as Plk4, by which  overexpression causes 

multiple daughters to form from one mother template ; third, I have shown that Ana2 and Plk4 

protein levels overlap during the licensing step during mitosis; and fourth, I have shown that 

Ana2 and Plk4 are already able to interact, whereby Ana2 influences Plk4, and it is not a stretch 

to imagine the reverse scenario might also be true.  Regardless, if Ana2 ends up being the Plk4 

target that promotes centriole duplication, once phospho-sites are mapped, the phosphomimetic 

protein can be overexpressed to determine the effects on centriole number.  A similar experiment 

can be envisioned whereby Plk4 is depleted from cells to decrease centriole duplication, only to 

be rescued by the phosphomimetic version of the centriolar protein, which would provide 

evidence for Plk4’s ability to phosphorylate said centriolar protein to promote centriole 

duplication. 
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4.1.2 Determining the mechanism of Twins cell cycle-dependent regulation 

As I have shown that Twins is the limiting factor in activating Plk4 during mitosis to license the 

centriole for duplication, a logical step forward would be to identify the components that limit 

Twins expression during mitosis.  Twins expression might be transcriptionally or post-

translationally regulated or both.  The first step would be to analyze the transcriptional profile of 

Twins throughout the cell cycle.  If the Twins transcript is only prominent during mitosis, 

corresponding to its increased protein levels, then the transcription factors could be found 

through a targeted high-throughput transcription factor RNAi screen in which transcription 

factors which negatively influence centriole numbers will be further analyzed to determine their 

effect on Twins expression.  Another option for identifying said transcription factors would be 

chromatin co-IP of the Twins promoter in mitotic arrested cells.  The second possibility is that 

Twins might be post-translationally regulated to control its levels in the cell cycle.  If 

ubiquitinated and degraded, Twins levels should increase upon inhibition of the proteasome. To 

determine which ubuiqitin ligases might be involved in degradation of Twins, a targeted RNAi 

screen can quickly be performed in S2 cells by knocking out E2 and then specific classes of E3 

adapter proteins and looking for an increase in centriole amplification or an increase in Twins 

protein levels, depending on which assays are picked.  A targeted kinase and phosphatase screen 

can similarly be performed to determine if phosphorylation plays a role in stabilizing Twins 

levels during mitosis.  Regardless of the methods or results of such a study, the resulting proteins 

involved in regulating Twins levels are sure to have profound effects on further elucidating the 

centriole duplication pathway. 

 

4.1.3 Determine how other viral proteins promote centriole amplification 
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Several other viruses besides SV40 are known to induce centriole amplification upon human 

infection, such as hepatitis B and HPV viruses.  As there are very few proteins that have been 

found to be directly involved in centriole amplification, there is a high probability that the 

mechanism of action of the viral proteins responsible for centriole amplification can be found.  

For instance, HPV E7 protein has been shown not only to positively effect Plk4 levels, but also 

to directly interact with PP2A in a similar fashion to SV40 ST.  It is not a stretch to imagine that 

HPV E7 might promote centriole amplification through a similar mechanism as SV40 ST,  

perhaps precisely in the same manner.  To test this, HPV E7 can be overexpressed in cells and 

the resulting effect on Plk4 phosphorylation and Slimb mediated ubiquitination analyzed.  Other 

centriole components known to be involved in centriole amplification such as asterless or Ana2 

can also be easily monitored upon viral protein overexpression to quickly hone in on the pathway 

responsible for centriole amplification. 

 

4.1.4 Ana2 ubiquitination 

From the work in this dissertation it is clear that Ana2 is ubiquitinated and degraded in a cell 

cyle-dependent manner. This leaves open the question as to the identity of the ubiquitin ligase 

responsible for Ana2 degradation.  Again, a high-throughput targeted RNAi screen can be 

performed in which all of the ubiquitin ligases in the Drosophila genome can be depleted and the 

cells fixed and stained for centrioles.  Since Ana2 stabilization leads to an increase in centriole 

number, one would expect that depletion of the ubiquitin ligase responsible for Ana2 degradation 

would also result in an increase in centriole number.  Another alternative would be to perform a 

similar RNAi and determine if there is an increase in Ana2 levels on an immunoblot. 
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4.1.5 Stabilization and activation of Plk4 by Ana2 overexpression 

The fact that Ana2 not only stabilizes Plk4 but enhances its kinase activity is surprising.  One 

important question is how Ana2 is stabilizing Plk4.  One hypothesis is that it is binding the 

Slimb-binding region of Plk4 to either block Slimb binding or inhibit autophosphorylation at the 

critical Slimb-binding motif serine residue.  A direct approach would be structural analysis 

whereby protein crystals are formed from Ana2 mixed with Plk4 and analyzed by X-ray 

diffraction.  First, Ana2 needs to be co-immunoprecipitated with Plk4 to show a direct 

interaction, if one exists.  If it does, Ana2 blocking Slimb-binding can be tested by co-

immunoprecipitating Slimb with Plk4 in the presence and absence of excess Ana2.  Also, a 

phospho-specific antibody can be created for the Slimb-binding domain on Plk4 and the effect of 

Ana2 overexpression on Plk4 autophosphorylation can be determined via immunoblots.  The 

other question is how Ana2 enhances Plk4 autophosphorylation.  One explanation could be that 

Ana2 is binding somewhere along Plk4 to cause either a conformational change leading to an 

increase in kinase activity or opening up important kinase functional regulatory domains such as 

the t-loop, allowing for activating phosphorylation to prime Plk4 for optimal kinase activity.  

Another explanation could be that Ana2 binding simply helps dimerize Plk4 together to allow for 

maximal trans-autophosphorylation. Finally, another possibility is that binding of Ana2 simply 

opens up more phosphorylatable serines on Plk4 that it can now autophosphorylate.  Again, a 

direct approach would be crystal protein structural analysis.  Another approach would be to 

analyze which residues are phosphorylated upon Ana2 overexpression by mass spectrometry to 

determine if there is t-loop phosphorylation or some other activating phosphorylation only in the 

presence of Ana2 overexpression. 
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4.1.6 Determine the effect that Plk4 and STIL stabilization has on tumorigenesis 

An in vivo model of centrosome amplification would provide important information on one 

possible mechanism behind tumor initiation and progression; furthermore, the analysis of STIL 

and Plk4 stabilization in vivo throughout development of the mammary glands and early on in 

tumor formation could be used to corroborate previous studies indicating that centrosome 

amplification is an early step in tumorigenesis.  The generation of an in vivo model system to 

facilitate the study of the effects of centrosome amplification on chromosomal instability and 

how these correlate with tumor progression would also be an invaluable contribution to both the 

centrosome duplication field as well as cancer biology as a whole. 

Genetically engineered mouse models (GEMM) have been crucial to studies of cancer 

progression.  Several well characterized assays for a GEMM of breast cancer have been 

developed and I believe this would be a perfect model system to study the effect of STIL and 

Plk4 stabilization on centrosome amplification and chromosomal instability in tumor initiation, 

development and progression. In vivo, I propose the use of the endogenous STIL and Plk4 

promoters to drive expression in mammary cells.  Importantly, like human STIL, the murine 

STIL locus contains two CDK consensus sites and Plk4 contains a conserved β-TRCP binding 

motif.  Based on our Ana2 stabilization studies and the strong homology between human STIL 

and mouse STIL, we believe a non-degradable form of murine STIL can be generated by 

mutation of Ser985Asp (STILS985D).  This serine is located in the second CDK site in a region 

strongly conserved between mouse and human.  It is probable that this mutation will be sufficient 

to generate a stable, non-degradable form of mouse Stil.  Likewise, mutation of the serine to an 

aspartic acid in the β-TRCP binding motif of Plk4 has been shown to stabilize Plk4. 



147 
 

Second, we will generate mice expressing (potentially hyperstable) StilS985D and Plk4 (β-TRCP 

binding mutant) in mammary glands in order to study changes in centrosome amplification and 

chromosomal instability arising from Plk4 and STIL stabilization during tumor development.  

With this in mind, we can create a GEMM where we modify the endogenous STIL and Plk4 

alleles by placing a dormant copy of the mutant exons, encoding S985D and the β-TRCP binding 

mutant respectively adjacent to the wild-type exon.  We can design primers using genomic DNA 

from C57/Bl6 embryonic stem (ES) cells for site-directed homologous recombination (HR) of a 

target vector containing the mutant exon alleles.  The wild-type exon loci could be modified to 

contain flanking loxP sites followed by a stop codon.  The targeting vector should also contain a 

neomycin cassette flanked by FRT sites in order to select for ES cells positive for insertion into 

the genome. We can then electroporate the targeting vector into ES cells and select for positive 

colonies using antibody resistance, followed by excision of the neo cassette through exposure to 

Flp-recombinase. 

In collaboration with the GEMM core at the UofA, ES cells positive for recombination can then 

be injected into blastocysts of female C57/Bl6, generating chimeric mice.  Mice positive for 

germline insertion of the mutant Plk4 and STIL alleles can then be selected for. Heterozygous 

Plk4 and STIL mutant allelic mice (whose expression of wild-type exon alleles can be verified 

by Southern blots) can then be intercrossed to obtain knock-in mice homozygous for the mutant 

STIL and Plk4 loci. To test the role of STIL in breast cancer, we can then employ tissue-specific 

expression of mutant STIL and Plk4 in mammary glands.  Crossing stable-mutant Plk4 and STIL 

mice to mice transgenic for Cre-recombinase (commercially available) turned on by the Murine 

Mammary Tumor Virus-Long Terminal Repeat (MMTV-LTR) promoter will activate expression 

of stable Plk4 and STIL specifically in the murine mammary glands of the progeny.  To generate 
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progeny in a p53+/- or p53-/- background, MMTV stable Plk4 and STIL mice can be crossed with 

p53 null mice.53  MMTV stable Plk4 and STIL (p53+/+.p53+/-, p53-/-) mice can then be 

characterized for expression of the mutant STIL and Plk4 proteins. MMTV-driven Cre 

expression occurs around day 6 after birth.  Shortly after expression, mammary glands should be 

excised and cDNA analyzed via PCR and sequencing to ensure expression of mutant Plk4 and 

STIL. Western blot analysis of mammary gland lysates should be performed to ensure expression 

of the mutant Plk4 and STIL proteins. 

 

Following generation of MMTV-driven stable STIL and Plk4 knock-in mice, we can then 

analyze the mice for tumor formation.  One advantage to generating a GEMM is the possibility 

of characterizing STIL and Plk4 stabilization throughout development and as the animal ages.  

Following tumor formation, tumors and lungs can be isolated and analyzed; in brief, tissues and 

tumor samples can be harvested from mice and analyzed for centriole number, centrosome 

number, aneuploidy and chromosomal instability using methods previously described.  We can 

then determine the extent (if any) of metastases to the lung both histologically and through 

staining. Scoring of centriole and centrosome number can be performed in metastatic cells and 

compared to primary tumor cells to determine extent of CA as tumor cells progress. In addition, 

we can plan to use Comparative Genomic Hybridization (CGH) on DNA extracted from paraffin 

embedded tumor samples to detect copy number alteration in mice overexpressing the STIL and 

Plk4 stable mutant proteins.  All experiments should ideally be performed in  p53+/+, p53+/- and 

p53-/- backgrounds.  These exeriments should provide valuable insight into both the importance 

and conservation of the previously described regulatory pathways of STIL and Plk4 as well as 
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contributing to our understanding of how centriole amplification can give rise to tumorigenesis 

in vivo. 

 

4.2 Conclusion 

The first half of my thesis involved elucidating the molecular mechanism that activates the 

centriole duplication licensing factor Polo-like kinase 4 (Plk4). From previous studies from our 

lab and others, we knew that Plk4 was degraded by the SCF ubiquitin ligase Slimb and we also 

knew that Plk4 was only present during a very small window in the cell cycle, namely mitosis, 

where it is thought to license the mother centriole for duplication.  As laid out in Chapter Two, 

we found that Plk4 undergoes autophosphorylation to promote Slimb recognition and 

ubiquitination and thus its own destruction.  Since Slimb is always present and Plk4 always 

autophosphorylating to promote its own destruction, the question then became ‘what is activating 

Plk4 during mitosis’.  The simplest answer is that the counteracting dephosphorylation by a 

phosphatase removes the inhibitory autophosphorylation to thus promote Plk4 stability.  We 

found that PP2A, coupled with the Twins regulatory subunit, is necessary and sufficient to 

promote Plk4 stability and allow centriole duplication to take place.  Providing a simple model 

for how Plk4 is only activated during mitosis, we found that the activating regulatory subunit 

Twins is also only expressed during late G2/mitosis.  Further validating the importance of this 

pathway is the finding that the tumorigenic virus SV40 promotes centriole amplification by 

expressing the small tumor antigen (ST) which not only binds PP2A but also mimics Twins 

function as a regulatory subunit that can direct PP2A dephosphorylation activity to stabilize 

Plk4, providing a mechanism by which SV40 amplifies centrioles upon infection. 
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The second part of my thesis involves the cell cycle-dependent regulation of another important 

centriole duplication factor, Ana2 and its human orthologue STIL.  In Chapter Three, we see that 

Ana2 is post-translationally regulated by ubiquitination and destruction by the proteasome.  We 

found a direct link between the cell cycle program and the centriole duplication machinery by 

exploring a mechanism in which the CDK complexes CDK1/cycA and CDK2/cycE are required 

for Ana2 protection from degradation and centriole duplication.  By revisiting classic 

experiments in which centriole amplification is blocked in S-phase arrested cells via CDK1 and 

CDK2 inhibition, we find that overexpression of the Ana2 orthologue, STIL is sufficient to 

rescue centriole amplification.  This provides the first insight into how the cell cycle program is 

directly tied to the centriole duplication machinery and answers the long standing question of 

which centriole component is targeted by the S-phase CDK complexes to promote centriole 

duplication while at the same time explaining  the long-standing observation that centriole 

duplication occurs during S-phase, concommitantly with DNA replication.  As a bonus, we see 

that Ana2 phosphorylation is tweaked by the PP2Awrd/wdb complexes to ensure that just the 

right amount of Ana2 is stabilized to promote one and only one daughter centriole from a single 

mother centriole.  Also, as seen in Chapter Two, SV40 ST interacts with PP2A to promote 

centriole amplification.  In Chapter Three of this dissertation however we see that SV40 ST also 

promotes Ana2 stability, presumably by inhibiting PP2A activity by outcompeting Wrd/Wdb 

binding for the PP2A29B structural subunit.  Lastly, we provide a mechanistic answer for the 

question of how Ana2 might promote centriole amplification when overexpressed, and that is by 

both stabilizing Plk4 and enhancing its kinase activity.  Both chapters together provide a step 

forward in our mechanistic understanding of how centriole duplication is so intimately connected 

to the cell cycle program. 
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