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SUMMARY

1 SUMMARY

Proper centrosome numbers are imperative for faithful cell division, as aberrant
centrosome numbers can lead to chromosomal instability, a hallmark of cancer
development (Nigg 2002; Ganem et al., 2009). Hence, initiation of centriole duplication
has to be tightly regulated. Recently, we and others demonstrated that Polo-like kinase 4
(PIk4) fulfills a pivotal role in regulating this process (Bettencourt-Dias et al., 2005;
Habedanck et al., 2005). Plk4 protein levels and its activity directly correlate with
centriole numbers: depletion of PIk4 leads to sequential loss of centrioles in successive
cell divisions (Bettencourt-Dias et al., 2005; Habedanck et al., 2005) and its
overexpression promotes bona fide overduplication of centrioles (Habedanck et al., 2005;
Kleylein-Sohn et al., 2007), while both lead to progressive increase in abnormal spindle
formation (reviewed in Nigg 2007). Even though PIk4 is a key regulator of centriole
biogenesis and is crucial for maintaining constant centriole number, the mechanisms

regulating its activity and expression are only beginning to emerge.

Here, we show that human Plk4 is subject to BTrCP-dependent proteasomal
degradation, indicating that this pathway is conserved from Drosophila to human (Cunha-
Ferreira et al., 2009; Rogers et al., 2009). Unexpectedly, we found that stable
overexpression of kinase-dead Plk4 leads to centriole overduplication. Our data indicate
that this phenotype depends on the presence of endogenous wild-type Plk4 and that
centriole overduplication results from disruption of Plk4 trans-autophosphorylation by
kinase-dead Plk4, which then shields endogenous Plk4 from recognition by BTrCP. We
conclude that active Plk4 promotes its own degradation by catalyzing BTrCP binding
through trans-autophosphorylation within homodimers which has been independently
confirmed by others (Holland et al., 2010). Additionally, we propose that Plk4
autophosphorylation is not sufficient for its degradation and that instead an additional

kinase is required for this process.
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2 INTRODUCTION

The centrosome, Latin for “central body”, was first discovered in the late 19" century by
Edouard van Beneden in various parasites (van Beneden 1875-6; van Beneden 1883).
While van Beneden discovered centrosomes and described them at a morphological level,
it was Theodor Boveri who coined the term centrosome and postulated that the
centrosome is self-replicating (Boveri 1887; Boveri 1888). Moreover, he later formulated
the hypothesis that centrosome and chromosome aberrations are linked and contribute to
tumorigenesis (Boveri 1914). Even though centrosomes are present in almost all
eukaryotes, their composition, organization, mode of replication and specific functions
have remained elusive until the rediscovery of centrosome biology in the late 20™ century.
Today, pivotal functions of the centrosome have been uncovered and described, albeit the
details of how these functions are fulfilled and regulated are still under intense
investigation. Centrosome function is twofold, as microtubule-organizing center (MTOC)
in dividing cells and as scaffold for basal bodies of flagella or cilia in differentiated or
quiescent cells. In recent years, centrosome biology has become widely recognized due to
the causal link between centrosome aberrations and the development of various human

diseases.

2.1 Structure and Function of the Centrosome

2.1.1 Structure of the Centrosome

The centrosome is a non-membranous organelle of approximately 1 um in diameter which
is usually located in close proximity to the nucleus (reviewed in Doxsey 2001). It is
composed of two interconnected centrioles which are highly stable, barrel-shaped arrays
of microtubule triplets arranged in a nine-fold symmetry (Figure 1). The individual
microtubules (MTs) of each triplet are referred to as the A-, B- and C-tubule and reach a
length of 400 nm during centriole elongation (reviewed in Bornens 2002; Bettencourt-
Dias and Glover 2007). In contrast to the A- and B-tubules, which span the complete
proximal-distal axis of a fully grown centriole, the C-tubule does not stretch to the distal
end of the centriole.
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Figure 1. Centrosome and centriole structure. Schematic view of a centrosome containing mother and
daughter centrioles. Both centrioles are composed of nine-fold microtubule (MT) triplets. In each triplet, the
internal tubule is termed the A-tubule, followed by the B-tubule and C-tubule. The latter does not extend to
the distal end of the centriole. The two centrioles are surrounded by the pericentriolar material (PCM),
depicted in blue, and interconnected by an unknown linker (centriole engagement fibers) until
disengagement at the exit from mitosis. The mature centriole carries subdistal and distal appendages, which
dock cytoplasmic MTs and anchor the centriole at the plasma membrane to serve as basal body. The
cartwheel structure depicted on the right has been suggested to serve as a template for procentriole formation
(adapted from Bettencourt-Dias and Glover 2009).

The centrioles are embedded in the electron-dense, amorphous pericentriolar
material (PCM), which harbors coiled-coil proteins that mediate protein-protein
interactions (Doxsey 2001; Andersen et al., 2003; Azimzadeh and Bornens 2007).
Additionally, within the PCM proteins reside which are required for microtubule
nucleation and anchoring as well as various cell cycle regulators (Moritz et al., 1995;
Zheng et al., 1995; Moritz and Agard 2001). Centrioles and the PCM are intimately
connected as loss of centrioles leads to dispersal of the PCM (Bobinnec et al., 1998) and
the PCM s vice versa required for the formation and stabilization of procentrioles

(Dammermann et al., 2004; Loncarek et al., 2008).

Both centrioles present in a mammalian G1 phase cell are loosely tethered at their
proximal ends by the proteins C-Nap1, rootletin and Cep68 (Fry et al., 1998; Bahe et al.,
2005; Graser et al., 2007b). Even though the two centrioles of a single centrosome are
similar in their overall architecture, they are structurally and functionally distinct in that
only one has fully matured (Piel et al., 2000; Azimzadeh and Bornens 2007). Mature
centrioles are characterized by the presence of two sets of appendages (distal and
subdistal; Paintrand et al., 1992) at their distal ends where they are attached to each of the
nine centriolar MT doublets. Appendages have been shown to be involved in anchoring
MTs and the centriole at the plasma membrane during ciliogenesis (Piel et al., 2000;

Azimzadeh and Bornens 2007) through characterization of several appendage proteins,

3
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e.g. as e-tubulin, Cepl64, Cepl70, ninein, and the ODF-2 splice variant hCenexinl
(Mogensen et al., 2000; Chang et al., 2003; Guarguaglini et al., 2005; Ishikawa et al.,
2005; Graser et al., 2007a; Soung et al., 2009).

2.1.2 The Centrosome as the Microtubule-organizing Center (MTOC)

The most evident function of the centrosome lies in the orchestration of the microtubule
network in eukaryotic cells as the microtubule organizing center (MTOC). Herein, the
centrosome mediates the nucleation and anchoring of microtubules by the centrosome-
associated y-tubulin containing multiprotein ring complexes (yTuRCs). At the hub of the
microtubule network, the centrosome is involved in the orchestration of cell motility, cell
shape, cell adhesion, cell polarity and intracellular transport (reviewed in Doxsey 2001,
Bornens 2002; Nigg 2004; Doxsey et al., 2005; Azimzadeh and Bornens 2007; Bornens
2008). During cell division, the centrosome shapes the bipolar mitotic spindle to ensure
faithful chromosome segregation (reviewed in Marshall 2009). The centrosome has also
been attributed an essential function in asymmetric cell divisions, e.g. in stem cell
divisions (Wang et al., 2009). In contrast to the requirement for centrosomes as the MTOC
in most eukaryotic cells, eukaryotes naturally lacking centrosomes have devised
alternative mechanisms for spindle formation, as has been observed in higher plants and

certain fungi (reviewed in Marshall 2009).

2.1.3 The Centriole as Template for Cilia and Flagella

Almost all eukaryotic cells form cilia at some point during their life cycle. Ciliogenesis
begins when cells exit the cell cycle into a quiescent (Go phase) and/or differentiated state
and the centrosome is translocated from the periphery of the nucleus to the plasma
membrane (Figure 2). There, the centriole from which the cilium emanates is termed basal
body. The mature basal body is anchored to the plasma membrane and serves as template
for the outgrowth of the ciliary axoneme. Vice versa, cilia are resorbed and basal bodies
are converted back to centrosomes when cells exit Gy to re-enter the cell cycle.
Importantly, while centrioles are not strictly required for mitosis, they are indispensable

for ciliogenesis (reviewed in Pedersen and Rosenbaum 2008).
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Figure 2. Centrioles form cilia and centrosomes. Schematic illustration of centrosome formation and
ciliogenesis. (A) A G1 phase centrosome which consists of two centrioles that are loosely tethered by a
fibrous network indicated by arrows in the EM micrograph. Note that the mature centriole carries distal and
subdistal appendages (marked by arrowheads). The inset shows a cross-section of a centriole. (B) In
proliferating cells, the parental centrioles (dark green) duplicate to give rise to two new centrioles (light
green). (C) In quiescent cells the centrosome migrates to the cell surface where it is anchored at the plasma
membrane and a cilium (brown) is assembled on the older parental centriole. Certain epithelial cells form a
multiciliated surface from many centrioles (adapted from Nigg and Raff 2009).

Cilia are involved in a variety of cellular functions, ranging from cell motility, the
reception of mechanical and chemical cues, brain development, signal transduction to
transport duties in specialized tissues (reviewed in Gerdes et al., 2009; Han and Alvarez-
Buylla 2010). These very different functions can be fulfilled by a single organelle because
cilia appear both as immotile, singular primary cilia and as motile cilia and flagella
(reviewed in Dawe et al., 2007). Ciliary morphology provides information about its
function, as motile cilia are usually comprised of nine MT doublets, the A- and B-tubules
of the basal body, which surround a central pair of single MTs (9+2), whereas immotile
cilia lack the central MT pair and motor proteins (9+0; Satir and Christensen 2008). The
beating of motile cilia is conferred by axonemal dynein which interconnects the outer MTs
in cooperation with nexin (reviewed in Ibanez-Tallon et al., 2003). Motile cilia enable the
movement of whole organisms, in the case of Paramecium, or single cells within a
multicellular organism, in the case of oocytes by multiciliated cells in the oviduct.
Similarly, flagella enable the propulsion of the green algae Clamydomonas or

spermatocytes. Immotile, single primary cilia on the other hand serve as transducers of
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extracellular stimuli into intracellular signals (Satir and Christensen 2007; Gerdes et al.,
2009). This is accomplished by the accumulation of trans-membrane receptors in the
ciliary membrane and the localization of downstream components of, for example, the
Whnt and Shh signal transduction pathways to the cilium (reviewed in Michaud and Yoder
2006; Singla and Reiter 2006; Christensen and Ott 2007; Christensen et al., 2007; Berbari
et al., 2009; Veland et al., 2009).

Mutations in basal body- or cilium-associated genes result in malformed cilia or
lack thereof and lead to a variety of pleiotropic diseases termed ciliopathies. These
manifest themselves in a variety of disorders, for example Bardet-Biedl (Ansley et al.,
2003), Meckel-Gruber (Frank et al., 2007), Joubert (Valente et al., 2006) and Senior-
Loken (Omran et al., 2002) syndrome.

2.2 The Centrosome Cycle

Similar to chromosomes, the centrosome is duplicated during the cell cycle and the
duplicated centrosomes are then divided among the daughter cells together with the
segregated chromosomes. Cells do not have a checkpoint to stop the cell cycle in the
presence of multiple centrosomes (Sluder et al., 1997) and abnormal centrosome numbers
severely interfere with bipolarity during mitosis. Therefore, cells duplicate their centrioles
through a tightly regulated sequence of events termed the centrosome cycle, which is
divided into four distinct phases: centriole duplication, maturation and elongation,

centrosome separation and centriole disengagement (Figure 3).

At the onset of S phase the procentriole begins to form orthogonally to the proximal
base of the parental centriole (Robbins et al., 1968; Kuriyama and Borisy 1981; VVorobjev
and Chentsov Yu 1982; Alvey 1985; Kochanski and Borisy 1990; Paintrand et al., 1992).
After elongation of the procentrioles during the following G2 phase, centrosome
separation takes place by the severing of a physical linker connecting the two parental
centrioles in response to phosphorylation of C-Napl and rootletin by Nek2 (Bahe et al.,
2005). Concomitantly, additional y-tubulin ring complexes are recruited, leading to an
increase in centrosome size and microtubule nucleation (Palazzo et al., 2000). The
separated centrosomes then travel to opposite poles of the cell, where they organize the

bipolar mitotic spindle. During late M or early G1 phase the parental and daughter
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centrioles disengage to lose their intimate connection and orthogonal orientation (Freed et
al., 1999; Piel et al., 2000). Separase is thought to be involved in triggering the
disengagement of the two centrioles (Tsou and Stearns 2006b), although the exact role of
Separase in this process remains to be determined. The centrosome cycle is completed by
a maturation step during G2 phase of the following cell cycle, in which the centriole

formed during the previous cell cycle acquires its appendages.

Gy
19

( Hl Yonesedes

.
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M

Figure 3. The centrosome cycle. Schematic illustration of the centrosome cycle in relation to the cell cycle.
Mature centrioles are depicted in gray, procentrioles in dark blue, chromosomes in red. The two centrioles of
a G1 phase cell duplicate upon entry into S phase and elongate to reach their final length during the
following G2 phase. At the onset of mitosis, the centrosome is separated into two to organize the spindle
poles of the mitotic spindle. Centriole disengagement at the exit from mitosis of the previously tightly

connected centrioles prepares for the next round of duplication.

2.2.1 Centriole Biogenesis in Caenorhabditis elegans

Crucial insight into centriole biogenesis and specifically centriole duplication was gained
through pioneering studies in Caenorhabditis elegans. This revealed that just five essential

proteins are essential for procentriole assembly: the coiled-coil proteins SPD-2, SAS-4,
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SAS-5 and SAS-6 and the protein kinase ZYG-1 (Figure 4; O'Connell et al., 2001,
Kirkham et al., 2003; Leidel and Gonczy 2003; Delattre et al., 2004; Leidel et al., 2005;
Delattre et al., 2006; Pelletier et al., 2006; Dammermann et al., 2008). First, SPD-2 is
recruited to the paternal centriole shortly after fertilization of the egg. This allows
recruitment of ZYG-1, which in turn localizes a complex of SAS-5 and SAS-6 and
initiates the formation of the “central tube” in close proximity to the pre-existing centriole.
In this context, it has been proposed that ZYG-1-mediated phosphorylation of SAS-6 at
Ser123 is necessary for central tube formation and maintenance of Sas-6 at the central tube
(Kitagawa et al., 2009). The SAS-5/SAS-6 complex then recruits SAS-4 to facilitate the
assembly of MTs onto the central tube (Pelletier et al., 2006).

Importantly, the overall pathway of centriole biogenesis is highly conserved from
C. elegans to humans at both a morphological and molecular level. SPD-2, SAS-4 and
SAS-6 have orthologues in human cells termed Cepl92 (Andersen et al., 2003),
CPAP/CENPJ/hSas-4 (Hung et al., 2000) and hSas-6 (Leidel et al., 2005), respectively.
Even though ZYG-1 does not have obvious structural orthologues in organisms outside
nematodes, a functional analogue has been identified in PIk4 in Drosophila and human
cells (Bettencourt-Dias et al., 2005; Habedanck et al., 2005). Interestingly, Plk4 does not
seem to require Cepl192 for recruitment to the centriole in human cells (Kleylein-Sohn et
al., 2007). Similar to ZYG-1, the search for a functional orthologue of SAS-5 has long
remained unsuccessful. Yet recently, the Drosophila protein Ana2 and the human protein

STIL have been suggested to be functional orthologues (Stevens et al., 2010).

SPD-2 2 SAS-6 . SAS-4
ZYG-1 SAS-5 v-tubulin

Figure 4. Centriole duplication in Caenorhabditis elegans. SPD-2 recruits the protein kinase ZYG-1,
which then recruits a complex of SAS-5 and SAS-6. This promotes the formation of a central tube (red) onto
which centriolar microtubules (green) are assembled by SAS-4. Proteins highlighted in red have functional
orthologues in vertebrates (adapted from Nigg and Raff 2009).
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2.2.2 Centriole Biogenesis in Human Cells

As described above, the core components of centriole biogenesis are well conserved from
worm to man. Indeed, detailed studies have revealed that human procentriole assembly
follows a very similar route as in C. elegans (Figure 5). Polo-like kinase 4 (PIk4) has been
identified as the pivotal protein in centriole biogenesis in Drosophila and human cells
(Bettencourt-Dias et al., 2005; Habedanck et al., 2005). Depletion of Plk4 inhibits
centriole duplication and its overexpression induces centriole overduplication, identifying
Plk4 as the key protein regulating “copy-number control” (reviewed in Nigg 2007; see
also 2.2.3). This suggests that PIk4 protein levels must be tightly regulated in order to
ensure correct centrosome number. A study performed in osteosarcoma (U20S) cells
which could be induced to overexpress active PIk4 was used to delineate the human
centriole biogenesis pathway (Kleylein-Sohn et al., 2007). Herein, excess Plk4 leads to the
formation of multiple procentrioles in a rosette-like arrangement around the pre-existing
centrioles. Accordingly, at the G1/S phase transition Plk4 sequentially recruits hSas-6,
y-tubulin, CPAP and Cep135 to the site of procentriolar outgrowth. HSas-6 is exclusively
found at the nascent procentriole where it is required for the formation of the cartwheel
which most likely confers the nine-fold symmetry (Nakazawa et al., 2007). Even though
the cartwheel is a constitutive component of Drosophila centrioles, it is restricted to the
procentriole stage in vertebrates (Alvey 1986), the time when hSas-6 levels peak (Strnad
et al., 2007). In contrast, the cartwheel component Cepl135 (Hiraki et al., 2007) also
remains associated with the centriole after completion of centriole duplication and the
disappearance of the cartwheel (Kleylein-Sohn et al., 2007). Centriole elongation is
initiated after the recruitment of y-tubulin which enables nucleation of centriolar
microtubules. The growing procentriole is then decorated with CP110 which marks the
distal tip of both nascent and mature centrioles. CPAP most likely serves to insert tubulin
underneath the CP110 cap and thereby contributes to the control of centriole elongation
(Kohlmaier et al., 2009; Schmidt et al., 2009b; Tang et al., 2009). Interestingly, CPAP
and CP110 have opposing functions in centriole elongation as overexpression of CPAP
yields overly long centrioles and overexpression of CP110 suppresses this effect.
Moreover, POC5, POC1 and OFD1 have also been shown to be involved in centriole
length control (Azimzadeh et al., 2009; Keller et al., 2009; Singla et al., 2010).
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Figure 5. Centriole duplication in humans. Even though Cep192 is the human homologue of C. elegans
SPD-2, it does not appear to be essential for centriole duplication. The functional orthologue of C. elegans
ZYG-1, PIk4, recruits hSas-6 which seems to be required for the formation of a central cartwheel structure
(red). CPAP and y-tubulin are then required to convert this structure into a procentriole onto which CP110
and Cep135 are assembled. Proteins that have functional orthologues in C. elegans are depicted in red
(adapted from Nigg and Raff 2009).

2.2.3 Regulation of Centriole Duplication

Aberrant centrosome numbers perturb bipolar spindle formation which is strictly required
to ensure faithful chromosome segregation during mitosis. As cells do not have a
checkpoint to sense abnormal centrosome numbers as for the completion of DNA-
replication and MT-kinetochore attachment, other mechanisms have to guarantee proper
centrosome numbers. This is achieved through precise control of centriole duplication by

means of “cell-cycle control” and “copy-number control” (Figure 6).

2.2.3.1 Cell-Cycle Control

Temporal control of centriole duplication is achieved by synchronization of the
centrosome cycle with the chromosome duplication cycle. Centriole duplication is only
initiated during S phase and progression through the cell cycle is required to initiate a new
round of centriole duplication (Balczon et al., 1995; Meraldi et al., 1999). The exception
to this rule is only seen in certain cancer cell lines, e.g. U20S and CHO cells (Kuriyama et
al., 1986; Balczon et al., 1995). This mode of control is reminiscent of DNA replication,
both in respect to the timing during the cell cycle and in the sense that a licensing step
during the cell cycle prevents premature re-replication (Tsou and Stearns 2006a; Hook et
al., 2007). Here, the licensing step corresponds to the loading of the minichromosome
maintenance (Mcm) 2-7 proteins to form the pre-replicative complex (preRC) during late
mitosis and G1 when CDK activity is low. DNA replication is then initiated by high
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CDK?2 activity in the following S phase. Simultaneously, CDK activity prevents premature
re-licensing until the completion of mitosis (reviewed in Diffley 2001; Blow and Dutta

2005).
(a) Normal cell cycle O O
=
v

« Cell cycle control
* Copy number control v/

Violation of ‘once and only

once’ (per cell cycle) rule
A

Re-duplication during S or G2 phase:

o0
(b) Cell cycle control X ‘ % C@

(c) Copy number control X
Violation of ‘one and only
one’ (per centriole) rule

Formation of multiple copies
per 'template’:

Figure 6. Control of centriole duplication. Cell cycle and copy number control govern the centrosome cycle.
Violation of either rule leads to aberrations in centrosome numbers. (a) Centriole duplication in a normal cell
cycle gives rise to two procentrioles (B and B") from two parental centrioles (A and A"). (b) Cell cycle control
ensures that a new round of duplication can only occur after passage through M phase. (c) Copy number
control is exerted by PIk4 and ensures that only one procentriole is formed per pre-existing centriole (adapted
from Nigg 2007).

Analogous to DNA replication, centriole duplication is also triggered by CDK2
activity at the beginning of S phase. Here, Cdk2/Cyclin-E is required for procentriole
biogenesis (Hinchcliffe et al., 1999; Lacey et al., 1999; Matsumoto et al., 1999) and
Cdk2/Cyclin-A for re-duplication during prolonged S phase arrest in certain cancer cell
lines (Meraldi et al., 1999). In contrast, Cdk2 and Cyclin-E knockout mice show no
obvious defects in centriole duplication (Berthet et al., 2003; Geng et al., 2003; Ortega et

al., 2003; Duensing et al., 2006). It is conceivable that in these mice, other Cdks or
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Cyclins compensate for the loss of Cdk2 or Cyclin-E because in mice lacking all
interphase Cdks (Cdk2, Cdk3, Cdk4, Cdk6), Cdkl associates with D-type and E-type

cyclins to drive mitosis (Santamaria et al., 2007).

The existence of a licensing mechanism inhibiting centriole re-duplication was first
uncovered through cell fusion experiments in which disengaged, unduplicated G1
centrosomes were shown to duplicate in an S phase cytoplasm whereas engaged,
duplicated G2 centrosomes did not (Wong and Stearns 2003). This suggested that the
presence of an engaged procentriole inhibits centriole re-duplication. Laser ablation
experiments supported this notion, as ablation of an engaged procentriole promoted re-
duplication in S phase-arrested HelLa cells which ordinarily do not reduplicate in
prolonged S phase (Loncarek et al., 2008). Mechanistically, this intrinsic block to re-
duplication has been proposed to be mediated by the control of centriole disengagement
by the cysteine protease Separase in cooperation with Polo-like kinase 1 (Plk1) during late
mitosis or early G1 to license centrioles for duplication in S phase (Tsou and Stearns
2006b; Tsou et al., 2009). In this context the cysteine protease Separase might cleave a
yet-to-be identified protein that tethers the two engaged centrioles, although this awaits
direct demonstration. Separase is inhibited during S phase, G2 phase and the first part of
mitosis before it is activated by the anaphase-promoting complex/cyclosome (APC/C)
during the metaphase-anaphase transition. Hence, the aforementioned model fails to
explain why certain cell types undergo centriole disengagement and centriole
(re-)duplication in the absence of Separase activity. This is the case in Drosophila wing
discs depleted of Cdk1 (Vidwans et al., 2003), which is required for Separase activation,
in S phase-arrested U20S or CHO cells in which Separase should be inactivated by
Securin (Kuriyama et al., 1986; Balczon et al., 1995; Dodson et al., 2004) and even in S
phase-arrested cells deficient of Separase (Tsou et al., 2009). Moreover, multiple
centrioles formed during ciliogenesis disengage during interphase before moving to the

plasma membrane (Dirksen 1991).

2.2.3.2 Copy-Number Control

In addition to the cell-cycle control of centriole duplication which ensures that centrioles
duplicate once and only once during each cell cycle, the cell also limits the number of
procentrioles that are generated during each round of duplication. Canonical centriole

duplication in dividing cells leads to the formation of one procentriole adjacent to one pre-

12



INTRODUCTION

existing centriole. In contrast, hundreds of basal bodies form near-simultaneously in multi-

ciliated epithelial cells.

The breakthrough in understanding the mechanism of copy-number control was
made with the identification of Polo-like kinase 4 (Plk4) as the key regulator of this
process in both humans (Habedanck et al., 2005) and Drosophila (Bettencourt-Dias et al.,
2005), where PIk4 is known as Sak. This conclusion is justified by the fact that Plk4
protein levels directly correlate with centriole number. Lack of Plk4 inhibits centriole
duplication and causes sequential loss of centrioles in successive cell divisions. Excess
Plk4, on the other hand, triggers the simultaneous formation of supernumerary bona fide
procentrioles which are arranged in a rosette-like manner around the parental centriole
(Habedanck et al., 2005; Kleylein-Sohn et al., 2007). Excess Plk4 is furthermore capable
of triggering de novo centriole formation in unfertilized Drosophila eggs (see also 2.2.3.3;
Peel et al., 2007; Rodrigues-Martins et al., 2007a). Importantly, the triggering of

procentriole formation absolutely requires PIk4 kinase activity (Habedanck et al., 2005).

The formation of multiple procentrioles around the proximal end of the parental
centriole argues that the maximum number of procentrioles might be dictated by spatial
constraints instead of the availability of a pre-defined assembly site, as had been suggested
previously (Jones and Winey 2006; Tsou and Stearns 2006a). In concordance with this
model and the idea that parental centrioles constitute assembly platforms (Rodrigues-
Martins et al., 2007b), it would be plausible that PIk4 marks the assembly sites on the
parental centriole cylinder by phosphorylation of yet-to-be identified substrates, which
subsequently recruit the first procentriolar proteins, i.e. hSas-6, Cep135. This would thus
form a “seed” for the nascent procentriole, which would subsequently be very rapidly
expanded into nascent procentriolar structures. In line with this, excess hSas-6 also leads
to the formation of supernumerary procentrioles (Leidel et al., 2005; Peel et al., 2007;
Rodrigues-Martins et al., 2007a; Strnad et al., 2007). Thus, the number of centrioles
formed during each S phase may be dictated by limiting of amounts of PIk4 that in turn

recruit limiting amounts of hSas-6 to the parental centriole.

2.2.3.3 Canonical versus de novo Centriole Duplication

Most centrioles arise in the canonical, semi-conservative fashion at the proximal end of a

parental centriole. However, centrioles can also form de novo in the absence of any pre-
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existing centrioles. While the centrioles in most mammalian zygotes stem from the sperm,
the first embryonic divisions in mouse zygotes are acentrosomal before each cell
assembles the correct number of centrioles de novo during the blastomere stage.
Afterwards, the centrioles are propagated via the canonical pathway (Szollosi et al., 1972).
Moreover, multiciliated cells can arise from overduplication of centrioles via de novo
formation. In the latter case, hundreds of centrioles form around amorphous EM-dense
granules composed of various centrosomal proteins which eventually fuse to form
deuterosomes (Sorokin 1968). Interestingly, Plk4 seems to be highly expressed in these
cells, at least in mice (Fode et al., 1994), insinuating that increased Plk4 levels may be

involved in the generation of multiciliated cells.

The canonical and de novo pathways rely on the same core mechanisms. Both
require entry into S phase (Uetake et al., 2007) and the same set of centriole duplication
proteins, Plk4, hSas-6 and CPAP (Peel et al., 2007; Rodrigues-Martins et al., 2007a).
Intriguingly, even though the presence of pre-existing centrioles inhibits de novo centriole
formation, the de novo pathway can be induced in cycling, somatic vertebrate cells by
removal of all resident centrioles (Khodjakov et al., 2002; La Terra et al., 2005; Uetake et
al., 2007). Importantly, the latter happens at the expense of numerical control of centriole

number, even though levels of Plk4 and hSas-6 remain low.

2.3 Polo-like Kinase 4 (Plk4)

The Polo-like kinase family consists of four members: PIk1, Plk2 (Snk), PIk3 (Fnk) and
Plk4 (Sak), of which Plk4 is the most divergent member. All four kinases share a
structurally similar N-terminal kinase domain, which spans amino acids 12-265 in Plk4
(Figure 7). While Plks1-3 have two polo box motifs in common that, together, form a
phosphopeptide binding domain which determines subcellular targeting and Kkinase
regulation (Elia et al., 2003a), Plk4 harbors only a single polo box motif at its C-terminus
(Leung et al., 2002). This indicates that PIk4 may not dock to substrates in the manner that
is described for Plks1-3 (Lowery et al., 2005).

Just N-terminal to Plk4’s polo box lies the loosely defined, so-called cryptic polo
box which acts as a dimerization domain (Leung et al., 2002; Habedanck et al., 2005) and

is additionally required for centriolar localization (Habedanck et al., 2005). Hence, in
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contrast to PIk1 in which the two polo boxes form the phosphopeptide binding polo box
domain (PBD; Cheng et al., 2003; Elia et al., 2003b); crystals of the single Plk4 polo box
reveal intermolecular dimers (Leung et al., 2002). Between the C-terminal single polo box
of Plk4 and the N-terminal kinase domain lies an approximately 500 amino acid region,
termed the linker region, which shares no similarity to other Plks and is not well
conserved in Drosophila Plk4. Moreover, human Plk4 localizes to centrosomes in
Drosophila cells but does not trigger centriole overduplication (Carvalho-Santos et al.,
2010). The same holds true for Drosophila Plk4 in human cells. This indicates that taxon-

specific changes in regard to protein regulation and/or function have evolved.

1 265 610 750 778 889 970
_-DL_( = —_—
285 289

G kinase domain
O DSG motif
( ) cryptic polo box
B coiled-coil domain
@ polo box

Figure 7. Domain structure of PIk4. Illustration of Plk4’s functional domains. Schematic is drawn to scale.

Plk4 was first identified in mouse during a search for proteins regulating
sialylation (Fode et al., 1994) before the human homologue was separately identified in a
PCR-based search for novel kinases involved in cancer development (Karn et al., 1997).
In humans, the plk4 gene is located on chromosome 4 at locus 4928 which has been
implicated in frequent rearrangements and loss in tumor cells (Hammond et al., 1999).
Indeed, heterozygous PIk4*" mice are prone to tumor development (Ko et al., 2005). This
may be due to the fact that PIk4*" MEFs (mouse embryonic fibroblasts) display increased
numbers of centrosomes and abnormal spindles. Yet, how Plk4 haploinsufficiency
contributes to this phenotype remains unclear. PIk4™ knockout mice, however, show a
much more dramatic phenotype as they arrest in development shortly after gastrulation
(Hudson et al., 2001).
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2.4 The Centrosome and Cancer

A direct link between centrosomal aberrations and cancer had already been proposed by
Theodor Boveri in 1914 (Boveri 1914). He put forward the idea that deviations in
centrosome numbers might contribute to the development of cancer through generation of
multipolar spindles and erroneous mitosis. In recent years, Boveri’s notion has been
reawakened as centrosome aberrations are observed in many different cancers (Lingle et
al., 2002; Pihan et al., 2003) and often accompanied with extensive chromosome
aberrations (D'Assoro et al., 2002; Pihan et al., 2003), an indication of poor clinical

outcome (Gisselsson 2003).

The accumulation of supernumerary centrosomes may occur via four different
mechanisms (reviewed in Nigg and Raff 2009). First, genuine deregulation of the
centrosome cycle may lead to excessive centriole duplication as has been described for
human cells with excess PlIk4 (Habedanck et al., 2005), hSas-6 (Leidel et al., 2005) or
human papillomavirus E7 (Duensing et al., 2000). Additionally, successive rounds of
centriole duplication within the same S phase may also lead to supernumerary centrioles
(Balczon et al., 1995; Meraldi et al., 1999). Second, cytokinesis failure or cell fusion can
lead to tetraploid cells with four centrosomes. Third, fragmentation of the pericentriolar
material may form extra spindle poles even though this does not represent true centrosome
amplification. Finally, upregulation of PCM components may lead to the formation of

additional procentrioles (Loncarek et al., 2008; reviewed in Salisbury 2008).

In dividing cells each centrosome normally gives rise to one spindle pole and
supernumerary centrosomes should result in multiple spindle poles and consequently in
multipolar spindles. This is however not inescapably the case as cells have devised several
mechanisms to form a bipolar spindle despite the presence of excess centrosomes
(reviewed in Acilan and Saunders 2008; Godinho et al., 2009). Centrosome inactivation,
for instance, allows only two centrosomes to function as MTOCs during mitosis.
Centrosome removal on the other hand, reduces the de facto number of centrosomes
during gametogenesis. Alternatively, asymmetric segregation during cell division can also
reduce the number of centrosomes so that one daughter cell inherits only one centrosome
which it can then propagate during subsequent cell divisions. However, the predominant
way for cancer cells to achieve bipolar mitoses is through clustering centrosomes into two
spindle poles (Quintyne et al., 2005; Saunders 2005; Basto et al., 2008; Kwon et al., 2008;
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Yang et al., 2008). Yet, cells undergoing centrosome clustering may nevertheless form
merotelic kinetochore-MT attachements (one kinetochore attached to two spindle poles)

which may aid the generation of chromosomal instability (Ganem et al., 2009).

Considering that many tumors harbor centrosome abnormalities, clinical approaches
to specifically target cells with extra centrosomes have been discussed as therapeutic
approaches. This would exploit that cancer cells with extra centrosomes depend on certain
proteins or pathways for their survival that are less critical in normal cells. Inhibition of
these pathways would thus selectively kill cancer cells with extra centrosomes while
leaving cells with normal centrosome numbers unharmed. In Drosophila, for example, the
spindle assembly checkpoint (SAC) suddenly becomes essential in cells with excess
centrosomes even though the SAC is not essential in normal Drosophila cells (Buffin et
al., 2007). Alternatively, human cancer cells with clustered supernumerary centrosomes
but not cells with normal centrosome numbers are effectively killed by inhibition of
centrosome clustering through perturbation of HSET function, a kinesin-related motor
(Kwon et al., 2008).

Despite evidence linking centrosome abnormalities and cancer, the lack of direct
genetic proof hinders the establishment of a causal relationship (reviewed in Nigg and
Raff 2009). This may be due to the fact that a large number of proteins is involved in
centrosome assembly and that many of these genes may be mutated in cancer but the

mutation frequency in any one particular gene is low.

2.5 The Ubiquitin-Proteasome System

The maintenance of genomic integrity relies on the faithful progression through the cell
cycle which in turn is ensured by a network of phosphorylation and protein degradation
events. Pivotal to protein degradation is the ubiquitin-proteasome system which catalyzes

the proteolysis of proteins which are destined for degradation.

2.5.1 Ubiquitin-dependent Protein Degradation

A central component of the ubiquitin-proteasome system is the 76 amino acid small
protein ubiquitin which is covalently attached via the glycine residue at its C-terminus to

the e-amino group of a lysine in the degradation target (reviewed in Hochstrasser 1996;
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Hershko and Ciechanover 1998). This is carried out by the sequential action of one
ubiquitin-activating enzyme (E1), one of several ubiquitin-conjugating enzymes (E2) and
one of many ubiquitin ligases (E3) (Figure 8). First, the E1 enzyme adenylates ubiquitin to
catalyze its covalent attachment to a cysteine in the active site of the E1 enzyme through a
thioester bond. The activated ubiquitin moiety is then transferred onto a ubiquitin-
conjugating enzyme in a trans-thiolation reaction which again entails the formation of a
thioester bond with a cysteine in the active site of the E2 enzyme. Subsequently, the
E2-ubiquitin complex is incorporated into the ubiquitin ligase. This multi-subunit protein
complex then coordinates the E2-ubiquitin complex and the ubiquitination substrate to
enable ubiquitin transfer or, alternatively, it actively catalyzes the ubiquitin transfer itself.
After the isopeptide bond linkage of ubiquitin to the substrate protein, a polyubiqutin
chain is usually formed, in which the C-terminus of each ubiquitin unit is linked to a
specific lysine residue, commonly Lys*, of the previous ubiquitin. Polyubiquitinated
proteins are then specifically recognized and degraded by the 26S proteasome in an ATP-
dependent process (reviewed in Pickart and Cohen 2004; Finley 2009).

SCF (Cul1-based E3)
ECV (Cul2-based E3)
HECT-type CUL3-based E3
RING-finger type CUL4-based E3
U-box type ECS (Cul5-based E3)
- PHD-finger type CUL7-based E3
E3 APC/C
Others

26S proteasome
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Figure 8. Overview of the ubiquitin-proteasome pathway. Ubiquitin (Ub) is activated in an ATP-
dependent manner by the ubiquitin-activating enzyme (E1). The activated ubiquitin is then transferred to the
ubiquitin-conjugating enzyme (E2) which covalently attaches it to the target protein together with a multi-
protein ubiquitin ligase (E3). The ubiquitinated protein is subsequently degraded by the 26S proteasome in
an ATP-dependent manner. The four major classes of E3 ligases are depicted in blue and its largest
subfamily, the RING-finger type Cullin-based E3s are depicted in red (adapted from Nakayama and
Nakayama 2006)
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2.5.2 The SCFP™"* Complex

To achieve high substrate specificity, cells express many different E2 enzymes (about 30)
and even more E3 ligases (more than 300). The latter are categorized into four major
classes according to the presence of particular structural motifs: HECT-, RING-finger,
U-box and PHD-finger-type E3 ligases (reviewed in Nakayama and Nakayama 2006).
RING-finger-type E3 ligases comprise the largest group and are further subdivided into
subfamilies. Among these, cullin-based E3 ligases are the largest single class of E3s.

2.5.2.1 Structure of SCF complexes

Cullin-based E3s are generally composed of a RING-finger protein, a scaffold protein, an
adaptor protein and a receptor protein which confers the substrate specificity. In the case
of the Skp1-Cull-F-box protein (SCF) complex, the scaffolding function is provided by
Cull which forms a core complex with the RING-finger protein Rbx1 and the adaptor
protein Skpl (Figure 9). Rbx1 binds the E2-ubiquitin complex, while Skpl binds the F-
box protein via its so-called N-terminal F-box named after its discovery in Cyclin F (Bai
et al., 1996). The F-box moiety of the SCF complex dictates its substrate specificity by
recruiting substrate proteins through protein-protein interaction domains in its C-terminus.
The substrate binding regions are also the basis for the classification of F-box proteins into
three categories, namely, with WD40 repeats (FBXW), leucine-rich repeats (FBXL) or
other domains (FBXO). Of the F-box proteins, three are thought to be involved in cell
cycle control: SKP2 (FBXLI1), FBW7 (FBXW?7) and [B-transducin repeat-containing
protein (BTrCP). The latter exists in two biochemically indistinguishable paralogues:
BTrCP1 (FBXW1) and BTrCP2 (FBXW11) (reviewed in Nakayama and Nakayama 2006).
The term BTrCP will therefore be used to refer to both.
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Figure 9. Structure of the SCF¥™™? complex. The SCF subunit Cull functions as a molecular scaffold and
connects the adaptor subunit Skpl and Rbx1. Skpl binds the F-box protein BTrCP which recognizes the
ubiquitination substrate while Rbx1 recruits the ubiquitin conjugating enzyme E2 (Ubc) (adapted from

Frescas and Pagano 2008).

2.5.2.2 Regulation of BTrCP-mediated Degradation

The irreversibility of protein degradation demands accurate control over which protein is
to be degraded at what point during the cell cycle, as premature or tardy protein
degradation has detrimental effects for the cell (reviewed in Nakayama and Nakayama
2006). In regard to substrate recognition there is a clear conceptual difference between
SCF-type and other ubiquitin ligases, namely activation of the ligase (anaphase promoting
complex/cyclosome, APC/C) versus activation of the substrate (SCF; Reed 2003). In the
case of APC/C, the ubiquitin ligase is activated through phosphorylation and the
availability of co-factors. Once activated, APC/C readily recognizes its substrates through
constitutive degrons, i.e. KEN-box or D-box. In contrast, SCF-type ligases require prior
“activation” of their substrates. In most cases this activation occurs via phosphorylation of
a degron motif in the substrate and the SCF complex then binds this phosphodegron via its
F-box protein (Skowyra et al., 1997). This allows versatile regulation of substrate
recognition as degron phosphorylation itself is subject to both temporal and spatial

regulation.
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BTrCP recognizes a DSGxx[S/T] motif or derivates thereof ([D/E] instead of [S/T])
in its substrates (reviewed in Frescas and Pagano 2008). This oftentimes involves the
recruitment of phosphodegron-directed kinases through phosphorylation-dependent
docking sites. For instance, the Cdkl1-inhibitory kinase Weel is first phosphorylated by
Cdk1 which allows docking and phosphorylation of the DSG motif by Plk1 (Watanabe et
al., 2004). Other examples which follow a similar two-step mechanism, albeit not
necessarily carried out by the same kinases, are the regulation of the cell cycle regulators
B-catenin (Liu et al., 2002) and Erpl (Liu and Maller 2005; Rauh et al., 2005; Hansen et
al., 2006).

2.5.2.3 The SCFP™™ Complex at the Centrosome

A role for the SCFP™™® complex in centrosome function has been implied by a multitude
of evidence. The two structural components of the SCF complex, Skpl and Cull, have
both been shown to localize to the PCM as well as to the centrioles (Freed et al., 1999).
Clues for a functional role of the SCFP™™"

identification of the Drosophila homologues of BTrCP and Skpl (Slimb and SkpA,

complex at the centrosome came from the

respectively) as negative regulators of centriole duplication (Wojcik et al., 2000; Murphy
2003). Mutation of either protein promoted centrosome amplification. Similarly, the
analysis of PTrCP”" null mice revealed a function of BTrCP in centrosome duplication as
these mice exhibited supernumerary centrosomes (Guardavaccaro et al., 2003). Further
support for a role of proteasomal degradation in centriole duplication came from studies in
U20S cells which had been treated with the proteasome inhibitor Z-L3VS (Duensing et
al., 2007). Proteasomal inhibition by this inhibitor lead to Plk4-dependent centriole
overduplication in rosette-like arrangement, reminiscent of PIk4 (Habedanck et al., 2005;
Kleylein-Sohn et al., 2007) and hSas-6 (Strnad et al., 2007) overexpression.

2.5.2.4 Regulation of PIk4 Expression

The above-described phenotypes insinuate that Plk4 expression has to be tightly
regulated for faithful centriole duplication. At transcript level, plk4 expression is cell cycle
regulated and mRNA levels are low in G, and G1 phase and then increase from late G1
until they plateau in M phase (Fode et al., 1996). Interestingly, plk4 transcripts are
elevated in colorectal cancer (Macmillan et al., 2001). Active regulation of Plk4 protein
levels had been suggested to depend on the presence of PEST motifs within Plk4
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(‘Yamashita et al., 2001) and lead to a short half-life of approximately 2-3 hours (Fode et
al., 1994). Insight into the regulation of PIk4 stability was recently gained by two studies
in Drosophila which revealed that Plk4 harbors a conserved DSGxxT motif which
regulates its SCFS"™-dependent degradation (Cunha-Ferreira et al., 2009; Rogers et al.,
2009). Inactivation of Slimb led to increased Plk4 protein levels and concomitant centriole
overduplication in the typical rosette-like arrangement of procentrioles around the parental
centriole. Furthermore, a direct biochemical interaction between Slimb and Plk4 was
demonstrated to depend on the double phosphorylation of the conserved DSG motif in
Plk4. These works therefore described how adequate Plk4 protein levels are guaranteed in

order to maintain correct centrosome numbers in Drosophila.

The revelation that Plk4 protein levels are regulated by PTrCP-mediated
degradation not only gave insight into how fidelity of centriole duplication is ensured but
also opened the door to new questions. It will be important to clarify whether this control
of PIk4 protein levels is conserved from Drosophila to man and which kinases control the

Plk4-BTrCP interaction through phosphorylation.
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3 AIM OF THIS PROJECT

Plk4 had previously been demonstrated to be pivotal to centriole duplication as its kinase
activity seems to be required to initiate centriole duplication and its protein levels directly
correlate with centriole numbers. Yet, how PIk4 protein levels are regulated had not been
resolved. This study aimed at uncovering how Plk4 protein levels are regulated to ensure
faithful centriole duplication. First, we addressed whether Plk4 kinase activity is essential
for centriole overduplication. Second, after the realization that BTrCP is responsible for
targeting PIk4 for ubiquitination and degradation, we examined how Plk4 kinase activity
contributes to controlling its BTrCP-mediated degradation. Finally, we addressed whether

Plk4 kinase activity is sufficient for Plk4 degradation.
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4 RESULTS

At the beginning of this work Plk4 had been recognized as a key protein in regulating
centriole duplication (Bettencourt-Dias et al., 2005; Habedanck et al., 2005). It was
known that Plk4 kinase activity is required to trigger the ordered integration of the
centriole duplication proteins, hSas-6, CPAP, Cep135 and CP110 into the procentriole.
Furthermore, PIk4 protein levels had been shown to directly correlate with centriole
numbers. Plk4 had accordingly been termed to be the fundamental regulator of centriole
copy number control (Nigg 2007). In spite of this, the mechanisms responsible for fine-

tuning Plk4 protein levels to ensure precise centriole regulation were unidentified.

During the course of this study, antibodies were first generated to address the
regulation of Plk4 protein levels. Then, we investigated how excess kinase-dead Plk4
triggers centriole overduplication. Encouraged by the possibility that kinase-dead Plk4
protects endogenous Plk4 from degradation, we explored if PIk4 protein levels are directly
regulated by the SCFP™™F complex before examining how Plk4 protein levels are regulated
by the SCFPT™® complex. Finally, we investigated whether Plk4 autophosphorylation is
sufficient for BTrCP binding and undertook measures to identify a possible second kinase

involved in regulating BTrCP-mediated degradation of PIk4.

4.1 Generation and Characterization of anti-Plk4 Antibodies

In order to complement the existing polyclonal rabbit anti-Plk4 antibodies, monoclonal
anti-Plk4 antibodies were raised (kindly performed by A. Baskaya, C. Szalma and A.
Uldschmid). To this end, mice were injected with purified, recombinant MPB-tagged Plk4
spanning amino acids 715-970. After an immune response had been monitored, mouse
spleen cells were fused to myeloma cells and hybridoma cell clones were selected. Of
these, two positive clones (93-80-4 and 93-302-11) were analyzed in more detail.
Specificity of the monoclonal anti-PIk4 antibodies from both clones was confirmed by
immunofluorescence of U20S cells which had been depleted of Plk4 for 48 hours by
SiIRNA oligonucleotides transfection (Figure 10A). Note that siRNA-mediated depletion
of Plk4 leads to centriole loss over successive cell divisions, as visualized by anti-CP110
staining (see also Habedanck et al., 2005). Both monoclonal anti-Plk4 antibodies also
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Figure 10. Characterization of two monoclonal anti-Plk4 antibodies. (A) U20S cells were transfected for 48
hours with siRNA oligonucleotides targeting GL2 or Plk4. Cells were fixed and stained with monoclonal anti-Plk4
antibodies (green): 93-80-4 (left panel) or 93-302-11 (right panel), anti-CP110 antibodies (red) and DAPI (blue).
Magnifications of boxed areas are shown below the respective panels. Scalebar: 1 um. (B) HEK 293T cells were
transfected for 24 hours with myc-Plk4, lysed and the cell extracts were immunoblotted with anti-PIk4 antibodies:
93-80-4 (left panel) or 93-302-11 (right panel), anti-myc antibodies and anti-atubulin antibodies. (C) myc-Plk4 was
expressed in HEK 293T cells for 24 hours and the cell extracts were subjected to anti-Plk4 immunoprecipitations:
93-80-4 (left panel) or 93-302-11 (right panel). The precipitated proteins were analyzed by immunoblotting for the
myc-epitope and atubulin.
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detected overexpressed myc-Plk4 by immunoblotting (Figure 10B) and in cell extracts by
immunoprecipitations (Figure 10C). Yet, neither antibody detected endogenous Plk4 by
immunoblotting which goes in line with the low abundance of endogenous Plk4 (data not
shown; see also Bettencourt-Dias et al., 2005; Habedanck et al., 2005). To alleviate this,
all experiments in this study requiring the detection of Plk4 via immunoblotting were
carried out using overexpressed Plk4.

4.2 Kinase-dead Plk4 Causes Centriole Overduplication

The bottleneck of investigating Plk4’s function in the regulation of centriole duplication
has thus far been its low abundance. As a consequence, detection of endogenous human
Plk4 or its Drosophila homolog, Sak, has remained impossible by means of
immunoblotting (data not shown; see also Bettencourt-Dias et al., 2005; Habedanck et al.,
2005). In order to be able to study Plk4 despite this drawback, transgenic U20S T-REx
cell lines that stably harbor the cDNA of human myc-tagged wild-type (U20S:myc-Plk4-
WT) or kinase-dead Plk4 (U20S:myc-Plk4-KD) under control of a tetracycline-inducible

CMV promoter were generated in our laboratory by Jens Westendorf.

4.2.1 PIk4-WT and Plk4-KD Trigger Centriole Overduplication

In concordance with previous results (Kleylein-Sohn et al., 2007), 16 hours after induction
of wild-type PIk4 expression in S phase-arrested U20S:myc-Plk4-WT cells,
approximately 80% of cells exhibited centrosomal myc-Plk4 localization and a rosette-like
pattern of procentrioles around the pre-existing centrioles as revealed by CP110 staining
(Figure 11A), which have previously been reported to be bona fide procentrioles
(Habedanck et al., 2005; Kleylein-Sohn et al., 2007). Note, that staining for the proximal
centriolar protein Cep135 does not allow visualization of engaged procentrioles (Figure
11A). The distal centriolar protein CP110 (Kleylein-Sohn et al., 2007) has hence been
used to identify procentrioles at early stages of centriole duplication during the remainder
of this study.

Centriole overduplication has been demonstrated to depend on Plk4 kinase activity
in transient overexpression experiments in different cell lines (Habedanck et al., 2005;

Sillibourne et al., 2009). Yet, when we compared the ability of wild-type Plk4 (Figure
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11A) and kinase-dead Plk4 (Figure 11B) to induce centriole overduplication in the
U20S:myc-Plk4 cell lines, we surprisingly observed robust centriole overduplication in

both cell lines. Intriguingly, myc-PIk4-WT and myc-Plk4-KD induced a similar extent of

centriole overduplication, which was indistinguishable by CP110 staining.
A .
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Figure 11. Excess Plk4 causes centriole overduplication. U20S:myc-PIk4-WT or U20S:myc-Plk4-KD
cells were arrested with aphidicolin for 24 hours before expression of myc-Plk4-WT or myc-Plk4-KD was
induced for 16 hours. No tetracycline was added to controls. Cells were fixed and stained with antibodies
against the myc-epitope (green), CP110 (red) and Cep135 (blue). Scale bar: 1 pum.

Transient overexpression of kinase-dead Plk4 had also been observed previously to
trigger centriole overduplication, albeit at very low levels (Habedanck et al., 2005). At the
time this had been attributed to cell division failure as centriole overduplication induced
by kinase-dead Plk4 could be inhibited by blocking cell cycle progression (Habedanck et
al., 2005). Yet, as shown above, robust centriole overduplication occurred in S phase-
arrested U20S:myc-Plk4-KD cells (Figure 11B). This prompted us to investigate centriole
overduplication in response to transient kinase-dead Plk4 overexpression more
scrutinously, utilizing the distal centriolar protein CP110 as marker. This revealed that
transient kinase-dead Plk4 overexpression was sufficient to induce centriole

overduplication in the distinct rosette-like configuration of procentrioles around the older
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centriole (Figure 12), which represents the hallmark of bona fide centriole overduplication

and not the consequence of cytokinesis failure as suggested by Habedanck et al.

anti-myc anti-CP110 anti-Cep135 merge

Figure 12. Transient kinase-dead Plk4 overexpression triggers bona fide centriole overduplication.
U20S cells were transfected for 48 hours with empty vector, myc-Plk4-WT or myc-Plk4-KD. Cells were
fixed and stained with antibodies for the myc-eptitope (green), CP110 (red) and Cep135 (blue). Scalebar: 1

pm.

4.2.2 Endogenous Plk4 is Required for Plk4-KD-induced Centriole Overduplication

The surprising results that both transient and stable overexpression of kinase-dead Plk4
triggers centriole overduplication prompted us to investigate centriole overduplication
more closely in the U20S:myc-Plk4-KD cell line. RT-PCR experiments were performed

to reveal that the cell line indeed harbored the D154A mutation (data not shown), which

myc-Plk4-WT
myc-Plk4-KD

g anti-myc

. autoradiography

Figure 13. The D154A mutation renders Plk4 kinase dead. HEK 293T cells were transfected with
myc-PIk4-WT or myc-Plk4-KD. The overexpressed proteins were immunoprecipitated with anti-myc
antibodies and subjected to a kinase assay in the presence of y-[*?P]-ATP. The kinase assay was analyzed by
immunoblotting (upper panel) and autoradiography (lower panel). Myc-Plk4-KD carries an aspartate-
to-alanine substitution at position 154.
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abrogates PIk4 kinase activity (Figure 13).

Next, we carried out sSiRNA rescue experiments to determine whether the centriole
overduplication phenotype upon kinase-dead Plk4 overexpression depends on endogenous
wild-type Plk4. U20S:myc-Plk4-WT and U20S:myc-Plk4-KD cells were transfected for
24 hours with siRNA oligonucleotides targeting the 3 -untranslated region of Plk4 (siPlk4
3’-UTR) or control oligonucleotides (siGL2) and then arrested in aphidicolin before
myc-Plk4 (WT or KD) expression was induced. As expected, the transfection of control
SIRNA duplexes did not inhibit Plk4-induced centriole overduplication in either cell line
(Figure 14A). Likewise, 80% of cells overexpressing myc-PIk4-WT still exhibited
centriole overduplication even after depletion of endogenous Plk4. In stark contrast,
centriole overduplication was reduced to 14% of cells upon expression of myc-Plk4-KD
concomitant with transfection of siPlk4 3"-UTR (Figure 14B). A similar reduction of
centriole overduplication was observed when either myc-Plk4-WT or myc-Plk4-KD were
overexpressed in cells lacking hSas-6, as expected (Kleylein-Sohn et al., 2007). These
results demonstrate that myc-Plk4-KD is only able to induce centriole overduplication in
the presence of endogenous wild-type Plk4.
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Figure 14. Centriole overduplication depends on endogenous Plk4. (A) U20S:myc-PIk4-WT (upper panel)
or U20S:myc-Plk4-KD (lower panel) cells were transfected for 24 hours with siRNA oligonucleotides
targeting GL2, the 3"-UTR of PIk4 or hSas-6 prior to induction of Plk4 expression (myc-Plk4-WT or myc-Plk4-
KD) for 16 hours. Cells were stained against the myc-epitope (green), CP110 (red) and Cep135 (blue). Scale
bar: 1 pm. (B) Percentage of cells treated as described in (A), which exhibit centriole overduplication. Data
from three independent experiments (n = 100) are shown. Error bars denote s.e.m.
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4.3 PBTrCP-dependent Degradation of Plk4

Recent studies have shown that the levels of Drosophila Plk4/Sak are regulated by the
ubiquitin-proteasome-pathway through the E3 ubiquitin ligase SCFSimPTCP (gKpi-
CUL1-F-box-protein) (Cunha-Ferreira et al., 2009; Rogers et al., 2009). This elegantly
demonstrated how cells regulate Plk4 kinase activity in order to prevent centriole
overduplication. Even though the basic mechanism of this regulatory pathway had been
uncovered, several questions regarding the control of Plk4 protein levels remained to be
answered. First, is this pathway conserved from Drosophila to man? Second, how is this
pathway regulated to allow controlled degradation of P1k4?

4.3.1 Centrosomal Plk4 Protein Levels are Regulated by the Proteasome

Previous work has revealed that proteasome inhibition leads to centriole overduplication
in U20S cells (Duensing et al., 2007) and that protein levels of the Drosophila homolog
of PIk4, Sak, are regulated in a Slimb/BTrCP-dependent manner. Together, this indicates
that human Plk4 protein levels may also be regulated in a proteasome-dependent manner.
Treatment of U20S cells with low doses of MG132 for 16 hours led to centriole
overduplication as described by Duensing et al., concomitant with increased PIk4 protein
levels at the centrosome (Figure 15). This indicates that centrosomal Plk4 protein levels
are regulated by the proteasome and deregulation of this pathway leads to centriole

overduplication.

anti-Plk4 anti-CP110 anti-Cep135 merge

Figure 15. MG132 treatment increases centrosomal Plk4 levels and triggers centriole overduplication.
U20S cells were treated with DMSO or 1 uM MG132 for 16 hours, fixed and stained with anti-PIk4 (green),
anti-CP110 (red) and anti-Cep135 (blue) antibodies. Scalebar: 1pum.

1 uMMG132 DMSO
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4.3.2 BTrCP is Required for Control of Plk4 Protein Levels and Centriole Number

After having shown that human Plk4 protein levels are regulated by the proteasome, we
next investigated whether human Plk4 protein levels are also controlled by BTrCP as in
Drosophila. To this end, asynchronously growing U20S cells were depleted of BTrCP by
siRNA transfection and centriole numbers monitored by immunofluorescence microscopy.
Upon depletion of BTrCP, Plk4 protein levels at the centrosome increased about seven-
fold compared to control cells (Figure 16A,B). Moreover, BTrCP depleted cells exhibited
centriole overduplication, partially in a rosette-like arrangement of procentrioles,
reminiscent of PIk4 overexpression in human cells (Kleylein-Sohn et al., 2007) and earlier
work in Drosophila (Cunha-Ferreira et al., 2009; Rogers et al., 2009). To directly
demonstrate a role of Plk4 in the observed phenotype, we analyzed the effects of BTrCP
depletion in the absence of Plk4. While 48% of BTrCP-depleted control cells exhibited
overduplicated centrioles, virtually no centriole overduplication was observed after
co-depletion of BTrCP and Plk4, similar to results observed after depletion of Plk4 alone
(Figure 16A,C). Instead, these latter treatments increased the proportion of cells with
fewer than 2 centrioles to 67% and 73%, respectively (Figure 16C). Hence, BTrCP is
clearly required for the maintenance of correct centriole numbers and this in turn requires
Plk4.

To demonstrate that BTrCP modulates overall Plk4 protein levels, we depleted
BTrCP for 72 hours before inducing expression of myc-PIk4-WT for the last 24 hours of
SiRNA treatment followed by immunoblot analysis. Compared to cells treated with control
siRNA duplexes (GL2), depletion of BTrCP led to a 1.5-fold increase in PIk4-WT protein
(Figure 17A). Plk4 siRNA treatment carried out as control abolished Plk4 expression, as
expected (Figure 17A). Conversely, co-expression of BTrCP and Plk4-WT in HEK 293T
cells led to a decrease in PIk4 protein (Figure 17B). Together, the above data demonstrate
that BTrCP is involved in modulating Plk4 protein levels in human cells and thus
contributes to the maintenance of correct centriole number. This confirms and extends
earlier work in Drosophila (Cunha-Ferreira et al., 2009; Rogers et al., 2009) and shows
that the PTrCP-Plk4 pathway is conserved in Drosophila and mammals (see also
Guardavaccaro et al., 2003; Holland et al., 2010; Sillibourne et al., 2010). Yet another

recent study also demonstrates centriole overduplication in U20S cells upon depletion of
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the SCF component Cull, although a role for BTrCP was not emphasized (Korzeniewski
et al., 2009).
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Figure 16. Plk4 protein levels and centriole number are controlled by BTrCP. (A) U20S cells were
transfected for 72 hours with siRNA oligonucleotides targeting GL2, f7rCP, Plk4 or STrCP and Plk4 before
cells were stained against Plk4 (green), CP110 (red) and Cepl35 (blue). Scale bar: 1 um. (B) PIk4 signal
intensity was measured in cells treated as described in (A). Data of three independent experiments (n=30) are
shown. Error bars denote s.e.m. (C) Percentage of cells treated as described in (A) and grouped by the number
of centrioles counted via CP110 staining. Data of three independent experiments (n = 100) are shown. Error
bars denote s.e.m.
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Figure 17. pTrCP controls overall PIk4 protein levels. (A) U20S:myc-Plk4-WT cells were transfected for
72 hours with siRNA oligonucleotides targeting GL2, STrCP or Plk4. The myc-signal was normalized
against the atubulin signal and quantified with ImageJ. Myc-Plk4-WT expression was induced during the
last 24 hours of siRNA treatment. Then, cells were harvested and analyzed for myc-Plk4-WT expression by
immunoblotting against the indicated proteins. (B) Myc-Plk4-WT was expressed in HEK 293T cells
together with FLAG vector or FLAG-BTrCP. Cells were harvested and protein levels analyzed by
immunoblotting. Data kindly provided by J. Westendorf.

4.3.3 Plk4 Autophosphorylation Controls Its Degradation

BTrCP functions as the F-box adaptor protein within the SCF (Skpl-Cull-F-box) E3
ubiquitin ligase to recognize and recruit ubiquitination substrates through direct
interaction. In line with this and to extend the above observation that BTrCP regulates Plk4
protein levels, we next investigated whether BTrCP interacts with PIk4 to catalyze its

degradation, and if so how this interaction is controlled.

4.3.3.1 Plk4 and BTrCP Interact Directly

To reveal whether BTrCP interacts directly with Plk4, co-immunoprecipitation
experiments of overexpressed Plk4 and BTrCP from HEK 293T cells were performed.
This revealed that wild-type Plk4 readily interacted with BTrCP, regardless of which
protein was used as bait (Figure 18). Identical results were obtained in in vitro binding
assays utilizing wild-type Plk4 isolated from cells and in vitro translated BTrCP (data not

shown).
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Figure 18. Plk4 and BTrCP interact biochemically. HEK 293T cells were co-transfected for 24 hours with
Plk4 and PBTrCP as indicated and anti-FLAG immunoprecipitations were performed. The co-
immunoprecipitated proteins were detected by immunoblotting.

4.3.3.2 The Interaction of PIk4 and BTrCP Requires an Intact DSG Motif

BTrCP canonically recognizes a conserved DSGxx[S/T] motif (DSG motif) in its
substrates to recruit them to the SCF complex for ubiquitination. This usually requires
double phosphorylation of the DSG motif at the two phosphoacceptor residues (S/T),
hence coining the term phosphodegron for the DSG motif. We therefore next explored
whether the Plk4-BTrCP interaction is mediated through the, possibly phosphorylated,
conserved DSGHAT motif in Plk4 (AA284-289). To this end, the phosphoacceptor
residues within this motif, Ser285 and Thr289, were mutated to alanine or aspartatic acid
to render an unphosphorylatable (PIk4-WT-DSG™) or a phosphomimetic DSG motif
(PIk4-WT-DSGPP), respectively. Interestingly, neither PIk4-WT-DSG™* nor Plk4-WT-
DSGP® interacted with PTrCP in co-immunoprecipitation experiments (Figure 19). While
this was expected for PIk4-WT-DSG™*, the fact that PIk4-WT-DSGPP also failed to bind
BTrCP suggests that both mutations alter the biophysical properties of the DSG motif to
disrupt the PIk4-BTrCP interaction, i.e. the lack of phosphorylation, and that the negative
charge of aspartic acid as substitution of the phosphoacceptor residues does not suffice to
mimic phosphorylation of the motif. Interestingly, both PIk4 mutants retained retarded
electrophoretic mobility, arguing that Plk4 is phosphorylated at sites other than the DSG
motif. In summary, we conclude that fTrCP binds Plk4 via the conserved DSG motif in
Plk4.
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Figure 19. The interaction between Plk4 and BTrCP requires an intact DSG motif. Myc-BTrCP was co-
expressed with FLAG-PIk4-WT, FLAG-PIk4-WT-DSG"* or FLAG-PIk4-WT-DSGP® in HEK 293T cells.
Cell extracts were subjected to anti-FLAG immunoprecipitations and immunoprecipitates were probed for

the indicated proteins by immunoblotting.

4.3.3.3 PIk4 Autophosphorylation is Required for its Interaction with TrCP

After having established that BTrCP and Plk4 interact via the DSG motif and that the
phosphoacceptor residues within this motif are crucial for binding, we next set out to
assess whether the interaction of Plk4 and BTrCP indeed depends on phosphorylation, as
is known for the other SCF*™™” substrates (reviewed in Frescas and Pagano 2008). To this
end, the Plk4-BTrCP complex was co-immunoprecipated from HEK 293T cells and
treated with either buffer or A-phosphatase (APPase). Dephosphorylation of the complex
relieved the retarded electrophoretic mobility of myc-PIk4-WT (Figure 20A), confirming
that Plk4 is a phosphoprotein in vivo as suggested previously (Yamashita et al., 2001).
Most importantly, APPase treatment disrupted the interaction of Plk4 and BTrCP (Figure
20A), indicating that phosphorylation is indeed required for the association of Plk4 and
BTrCP.

The previous experiment had revealed that phosphorylation of the DSG motif

seems to be a prerequisite for PTrCP binding and that dephosphorylation of Plk4 disrupts
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its interaction with BTrCP. We therefore asked whether kinase-dead Plk4 which lacks
phosphorylation sites intrinsic to Plk4 kinase activity but retains Plk4-independent
phosphorylation sites binds to BTrCP. Indeed, loss of Plk4 kinase activity extensively
reduces BTrCP binding, but still retains faint binding capacity when compared to the
DSG-mutant (Figure 20B). This clearly demonstrates that Plk4 autophosphorylation
activity is required for BTrCP binding.

A B .
L)
(%]
-
- -
52S 32
[SERVERVERY)
input  myc-IP aasa
myc-Plk4&-WT - + + - + + 222 2
FLAG-BTrCP  + + + + + + e vl ralliva
A-PPase e - +myc-BTrCP
anti-myc
- Y Ll e anti-FLAG
———— anti-FLAG 2
—
[N o
-- anti-myc
SR | anti-myc
5
Q.
£
S |anti-atubulin

Figure 20. The interaction of Plk4 and BTrCP requires Plk4 autophosphorylation. (A) FLAG-BTrCP
and myc-PIk4-WT were co-expressed in HEK 293T cells. Anti-myc immunoprecipitations were performed
and immunoprecipitates treated with A-phosphatase (APPase) where indicated. The co-immunoprecipitated
proteins were detected by immunoblotting. (B) Myc-BTrCP and FLAG-PIk4-WT, FLAG-PIk4-KD or
FLAG-PIk4-WT-DSG"* were co-expressed in HEK 293T cells. Anti-FLAG immunoprecipitations were
performed and immunoprecipitates were probed for the indicated proteins by immunoblotting.

4.3.3.4 Plk4 Autophosphorylation is Required for its Ubiquitination and Degradation

As the adaptor molecule of the SCF complex, BTrCP recruits proteasome substrates for
ubiquitination. It is therefore plausible that BTrCP mediates degradation of Plk4 by
facilitating its ubiquitination and subsequent degradation by the 26S proteasome.
Accordingly, perturbed interaction of Plk4 and BTrCP should result in reduced
ubiquitination and degradation of PIk4. Supporting this idea, the Plk4 mutants which have
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been described to be unable to bind to BTrCP, kinase-dead Plk4 (due to its lack of
autophosphorylation activity) and Plk4-WT-DSG"* (due to disruption of the DSG motif),
were ubiquitinated to a lesser extent than wild-type Plk4 in vivo (Figure 21A). Identical
results were obtained in an in vitro ubiquitination assay arguing against the co-

precipitation of other ubiquitinated proteins (Figure 21B).
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Figure 21. Plk4 autophosphorylation is required for efficient ubiquitination in vivo and in vitro. (A)
Myc-Plk4-WT, myc-PIk4-KD or myc-Plk4-DSG™* was co-expressed for 24 hours with HA vector or
HA-ubiquitin. Cell extracts were subjected to anti-myc immunoprecipitations and probed by
immunoblotting for the indicated proteins. (B) [*°S]-methionine labeled, in vitro translated FLAG-PIk4-WT,
FLAG-PIk4-KD or FLAG-PIk4-WT-DSG** was subjected to in vitro ubiquitination assays. The presence of

ubiquitinated Plk4 was assessed by autoradiography.

One would expect that lack of ubiquitination should stabilize PIk4 by protecting it
from degradation via the 26S proteasome. Indeed, while PIk4-WT was degraded in cells
treated with cycloheximide to inhibit protein synthesis for up to 8 hours, PIk4-KD was
stabilized to a similar extent as PIk4-WT-DSG™ (Figure 22). Intriguingly, no further
decrease in PlIk4-WT protein levels occurred between 4 and 8 hours of cycloheximide

treatment, suggesting that a certain PIk4 fraction is resistant to degradation.

Together, these data suggest that Plk4 Kkinase activity is necessary for its
interaction with BTrCP and, consequently, its polyubiquitination and subsequent
degradation by the 26S proteasome.
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Figure 22. Kinase-dead Plk4 is stabilized comparable to a DSG-mutant of Plk4. FLAG-PIk4-WT,
FLAG-PIK4-KD or FLAG-WT-DSG™* was expressed in HEK 293T cells before protein synthesis was
blocked by cycloheximide. Cells were harvested at the indicated time points and protein levels analyzed by

immunoblotting. Data kindly provided by J. Westendorf.

4.3.4 Plk4 trans-Autophosphorylation Controls its Degradation and Centriole

Number

The above finding that excess kinase-dead PIk4 triggers centriole overduplication in the
presence of endogenous Plk4 fostered the idea that kinase-dead Plk4 may cause centriole
overduplication through sequestration of BTrCP. Yet, the finding that Plk4-KD cannot
interact with BTrCP argues against this possibility. This led us to explore an alternative
model involving dimerization and trans-autophosphorylation of Plk4 to explain centriole

overduplication in the presence of excess kinase-dead PIk4.

4.3.4.1 Plk4 Autophosphorylates Itself in trans

Plk4 has previously been shown to dimerize via its C-terminal coiled-coil region (Leung et
al., 2002; Habedanck et al., 2005), yet whether this depends on Plk4 kinase activity was
unknown. We therefore assessed whether Plk4 dimerization capacity is retained in the
absence of Plk4 autophosphorylation (Figure 23). To this end, differentially tagged
wild-type and kinase-dead Plk4 were co-overexpressed in HEK 293T cells and assayed for
their ability to co-immunoprecipitate. PIk4 dimerization was observed regardless of its
kinase activity, as kinase-dead PIk4 interacted with wild-type Plk4 as well as kinase-dead
Plk4. Furthermore, both Plk4-KD and Plk4-KD-DSG™* were phosphorylated by wild-type
Plk4, manifested by the retarded electrophoretic mobility of kinase-dead PIk4 upon co-
immunoprecipitation with wild-type Plk4 (Figure 23). This clearly demonstrates that Plk4
trans-autophosphorylates itself, also at sites distinct from the DSG motif (see also
Sillibourne et al., 2010).
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Figure 23. Plk4 autophosphorylates itself in trans and dimerizes regardless of kinase activity. Myc-
Plk4-KD or myc-Plk4-KD-DSG"™* was co-expressed for 24 hours with GFP-PIk4-WT or GFP-PIk4-KD and
immunoprecipitated with anti-myc antibodies. The immunoprecipitates were subjected to an in vitro kinase

assay which was analyzed by immunoblotting.

4.3.4.2 An N-terminal Truncation of Plk4 Causes Centriole Overduplication

The data above show that wild-type Plk4 is capable of trans-autophosphorylating kinase-
dead PIk4. We therefore next asked whether trans-autophosphorylation plays a role in
modulating the degradation of PIk4. To this end we searched for Plk4 fragments differing
in their ability to autophosphorylate (Figure 25A), interact with fTrCP (Figure 25B) and
dimerize (Figure 25C). P1k4®® s active as a kinase and interacts with PTrCP but does
not dimerize due to truncation of its C-terminus. PIk4%°®°® on the other hand, is kinase
inactive and does interact with BTrCP due to truncation of its kinase domain. Yet,
PIk4®90 which comprises the cryptic polo box, dimerizes with wild-type Plk4 via its

coiled-coil domain (see also Leung et al., 2002; Habedanck et al., 2005).

The above-mentioned Plk4 fragments were then overexpressed in U20S cells and
assayed for their ability to trigger centriole overduplication. Remarkably, PIk4®%°7
caused strong centriole overduplication, occasionally resulting in the rosette-like
arrangement of procentrioles, whereas PIk4'®® failed to do so (Figure 25). This was
reminiscent of centriole overduplication triggered by overexpression of wild-type or
kinase-dead Plk4 and accordingly fostered the hypothesis that excess kinase-dead Plk4 is
able to cause centriole overduplication, provided that its ability to dimerize with

endogenous PIk4 is preserved.
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Figure 24. Myc-PIk4"®® and myc-PIk4®®*™ display differential properties re%arding kinase activity,
BTrCP binding and dimerization with PIk4-WT. (A) Myc-PIk4*® or myc-PIk4®*"° was overexpressed
for 24 hours in HEK 293T cells. The overexpressed proteins were immunoprecipitated with anti-myc
antibodies and subjected to in vitro kinase assays assay in the presence of y-[**P]-ATP. The kinase assay was
analyzed by immunoblotting (upper panel) and autoradiography (lower panel). (B) Myc vector,
myc-PIk4 %% or myc-PIk4®®°"® was co-overexpressed with FLAG-BTrCP for 24 hours in HEK 293T cells
and anti-myc immunoprecipitations were performed. The assay was analyzed by immunoblotting against the
indicated proteins. (C) Myc-Plk4-WT, myc-P1k4"®% myc-P1ka"%® myc-PIk4®*" or empty vector was co-
overexpressed with FLAG-BTrCP for 24 hours in HEK 293T cells before anti-FLAG immunoprecipitations
were performed. The immunoprecipitated proteins were analyzed by immunoblotting against the indicated
proteins. Asterisks mark unspecific bands. Data presented in (C) was kindly provided by J. Westendorf.
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Figure 25. Myc-PIk4®®®"° causes centriole overduplication. U20S cells were transfected with
myc-PIk4 % or myc-P1k4®" for 48 hours. Cells were stained for the myc-epitope (green), CP110 (red)
and Cep135 (blue). Scale bar: 1 um.
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4.3.4.3 PIk4 Autophosphorylation in trans Restores BTrCP Binding to PIk4-KD

The above data lead us to conclude that excess Plk4-KD triggers centriole overduplication
by virtue of its ability to (hetero-)dimerize with endogenous, active PIk4. If so, the
Plk4-KD polypeptide could potentially be phosphorylated in trans by the PIk4-WT
polypeptide (but not vice versa), and phosphorylated Plk4-KD could then sequester
SCFPT™® by acting as a decoy. A corollary of this model is that autophosphorylation in
trans should convert PIk4-KD to a BTrCP-binding species. To test this prediction we
expressed various combinations of myc- or FLAG-tagged Plk4 proteins differing in their
activity status (WT or KD) and/or ability to be recognized by BTrCP (DSG-WT or
DSG™). In these experiments, the myc-tagged constructs served as bait for
BTrCP-binding, whereas the FLAG-tagged constructs, competent to dimerize but
incompetent to bind PTrCP, provided kinase activity. The ability of the
immunoprecipitated complexes to bind to TrCP was then analyzed via an in vitro binding
assay. Co-expression of FLAG-PIk4-KD-DSG”* with myc-PIk4-KD failed to restore
BTrCP binding, as expected, considering the absence of trans-autophosphorylation. In
stark contrast, co-expression of FLAG-PIk4-WT-DSG™* with myc-Plk4-KD fully restored
the binding of myc-Plk4-KD to BTrCP (Figure 26). This demonstrates that
autophosphorylation in trans is required to confer BTrCP-binding properties to Plk4.
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Figure 26. Plk4 autophosphorylation in trans restores pTrCP-binding capability to kinase-dead Plk4.
HEK 293T cells were transfected with the indicated plasmids. Anti-myc immunoprecipitates were incubated
with in vitro translated, [*S]-methionine labeled BTrCP in an in vitro binding assay. The co-

immunoprecipitated proteins were analyzed by immunoblotting and autoradiography.

4.3.4.4 Plk4 Autophosphorylation is Not Sufficient for BTrCP Binding

In agreement with the result that fTrCP binding requires Plk4 trans-autophosphorylation,
two modes of regulation of PIk4-BTrCP interaction are conceivable (see also 5.4): either
PIk4 trans-autophosphorylation is sufficient for BTrCP binding as it directly
phosphorylates the DSG motif or PIk4 trans-autophosphorylation is required but not
sufficient to promote BTrCP binding. In order to verify one of these two models, we next
investigated whether Plk4 trans-autophosphorylation is also sufficient to trigger its
BTrCP-mediated degradation. We thus devised an in vitro binding assay to investigate
whether the autophosphorylation events conferred by Plk4 are sufficient to mediate BTrCP
binding. Herein, bacterially expressed, purified MBP-tagged Plk4, which possessed
autophosphorylation activity in vitro (Figure 27A), served as bait to precipitate in vitro
translated, [*°S]-methionine labeled BTrCP. Yet, MBP-Plk4 did not bind BTrCP when
incubated in binding buffer in vitro (Figure 27B), arguing that Plk4 autophosphorylation is
not sufficient for BTrCP binding. This is enforced by the fact that the same binding assay
performed after pre-incubation of MBP-Plk4 with cell extract allowed for BTrCP binding
of kinase active Plk4 (Figure 27B). This indicated that additional factors and/or
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phosphorylation events catalyzed by other protein kinases are responsible for catalyzing
BTrCP binding.
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Figure 27. Recombinant wild-type Plk4 binds BTrCP after incubation with cell extract. (A) Purified,
recombinant full-length wild-type and kinase-dead Plk4 were incubated in an in vitro kinase assay in the
presence of y-[*P]-ATP. The kinase assay was analyzed by Coomassie staining (upper panel) and
autoradiography (lower panel). (B) MBP-PIk4-WT or MBP-PIk4-KD were incubated with in vitro
translated, [*°S]-methionine labeled PTrCP in an in vitro binding assay after incubation with or without
extract from asynchronous HEK 293T cells. The precipitated proteins were analyzed by immunoblotting and
autoradiography.

To confirm and extend the above observation that phosphorylation events other
than PIk4 autophosphorylation are necessary for the PIk4-BTrCP interaction, we
performed the binding assay as described above, but with PIk4 immunoprecipitated from
HEK 293T cells as bait for fTrCP. As expected, wild-type Plk4 efficiently bound BTrCP
while kinase-dead Plk4 and Plk4 dephosphorylated by A-phosphatase (APPase) treatment
failed to do so (Figure 28). However, PIk4 that was rephosphorylated in an in vitro kinase
assay after it had been dephosphorylated by APPase treatment did not regain BTrCP
binding. Together, this enforces the idea that PIk4 autophosphorylation is required, but not
sufficient for BTrCP binding.
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Figure 28. Rephosphorylated Plk4 does not bind BTrCP. Myc vector, myc-PIk4-WT or myc-Plk4-KD
was overexpressed for 24 hours in HEK 293T cells and immunoprecipitated with anti-myc antibodies. The
indicated immunoprecipitates were dephosphorylated with A-phosphatase (APPase) and rephosphorylated in
an in vitro kinase assay before they were incubated with [**S]-methionine labeled, in vitro translated FLAG-
BTrCP in an in vitro binding assay. A\PPase was inactivated by extensive washing of beads and phosphatase
inhibitors. The assay was analyzed by immunoblotting (upper panel) and autoradiography (lower panel).

4.3.5 Does p38 Control the Interaction of Plk4 and BTrCP in vitro?

The above data revealed that PIk4 autophosphorylation is required, but not sufficient for
BTrCP binding. This sparked the idea that Plk4 trans-autophosphorylation serves to create
a docking site for a different, second kinase which in turn phosphorylates Plk4 on the
phosphodegron in order to permit BTrCP binding. As a matter of fact, the degradation of
several BTrCP targets, e.g. B-catenin (Liu et al., 2002), Weel (Watanabe et al., 2004) and
Erpl (Liu and Maller 2005; Rauh et al., 2005; Hansen et al., 2006) involves the
recruitment of phosphodegron-directed kinases through phosphorylation-dependent

docking sites.

4.3.5.1 Inhibition of p38 Disrupts the Interaction of Plk4 and BTrCP

To search for kinases that regulate BPTrCP binding we screened a panel of protein kinase
inhibitors for their ability to disrupt the PIlk4-BTrCP interaction. To this end,
overexpressed Plk4 was immunoprecipitated from HEK 293T cells which had previously
been treated with different protein kinase inhibitors or DMSO as control for 2 hours
before it was incubated with [**S]-methionine labeled BTrCP in an in vitro binding assay.
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Interestingly, of the nine kinase inhibitors used only SB202190, an inhibitor of MAP
kinase p38, significantly reduced BTrCP binding to Plk4 (Figure 29)
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Figure 29. SB202190 inhibits binding of Plk4 and BTrCP. HEK 293T cells were transfected for 24 hours
with myc-Plk4-WT or myc-Plk4-KD and treated for 2 hours with the indicated protein kinase inhibitors or
DMSO as control before immunoprecipitations with myc-antibodies were performed. The
immunoprecipitates were incubated with [**S]-methionine labeled, in vitro translated HA-BTrCP in an in
vitro binding assay. The bound proteins were analyzed by immunoblotting (upper panel) and

autoradiography (lower panel).

Utilizing different concentrations of the p38 inhibitor, SB202190, as described
above, we observed maximum inhibition at 20 pM (Figure 30, left panel). A second,
independent p38 inhibitor, SB203580, showed a similar disruption of the PIk4-BTrCP
interaction at 10 uM (Figure 30, right panel). Consequently, the disruption of the Plk4-
BTrCP interaction by two independent p38 kinase inhibitors indicates that p38 kinase
activity seems to be required for interaction of Plk4 and BTrCP.
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Figure 30. Small molecule inhibition of p38 disrupts interaction of Plk4 and TrCP. HEK 293T cells
were transfected with wild-type or kinase-dead Plk4 for 24 h before being treated with increasing
concentrations of two different p38 inhibitors (SB202190, right panel; SB203580, left panel) or DMSO for 2
hours. Anti-myc immunoprecipitations were performed and the immunoprecipitated Plk4 was incubated
with in vitro translated, [*S]-methionine labeled BTrCP in an in vitro binding assay. Analysis of bound
proteins was carried out by immunoblotting (upper panel) and autoradiography (lower panel).

4.3.5.2 p38 Inhibitors Do Not Perturb Plk4 Autophosphorylation

It was conceivable that the p38 inhibitors abrogated Plk4 kinase activity and thereby
affected BTrCP binding. To exclude this possibility we performed an in vitro kinase assay
in the presence of SB202190 and SB203580 to analyze its effect on Plk4
autophosphorylation. This revealed that neither SB202190 nor SB203580 inhibited
autophosphorylation activity of overexpressed Plk4 immunoprecipitated from HEK 293T
cells (Figure 31A) or recombinant PIk4 purified from E. coli (Figure 31B). The disruption
of BTrCP binding to Plk4 by either inhibitor is thus not an effect of reduced Plk4 kinase

activity.
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Figure 31. SB202190 and SB203580 do not inhibit Plk4 autophosphorylation. (A) HEK 293T cells were
transfected for 24 hours with myc-Plk4-WT and treated with SB202190 (1 uM, 5 uM, 20 uM), SB203580 (1 uM, 5
UM, 20 uM) or DMSO as control. The overexpressed proteins were immunoprecipitated with anti-myc antibodies
and subjected to in vitro kinase assays in the presence of y-[*P] ATP and the respective p38 inhibitor. (B)
Recombinant MBP-PIk4-WT purified from E. coli was subjected to an in vitro kinase assay in the presence of
DMSO, 20 pM SB202190 or 10 pM SB203580 and y-[**P] ATP.

4.3.5.3 Absence of p38 Activity Does Not Lead to Centriole Overduplication in vivo

The above experiments revealed that two independent p38 inhibitors disrupted the PIk4-
BTrCP interaction without influencing PIk4 autophosphorylation activity. This prompted
the gquestion whether p38 kinase activity is also required for the interaction of Plk4 and
BTrCP in vivo. In line with the observation that loss of BTrCP leads to increased Plk4
protein levels and centriole overduplication, reduced p38 activity should have the same
phenotypic manifestation if it regulates PIk4-BTrCP binding. We therefore analyzed
centriole numbers after inhibition of p38 for 48 hours with the described small molecule
inhibitors SB202190 and SB203580 in asynchronous U20S cells. Cells treated with 20
MM SB202190 or 10 uM SB203580 showed no difference to DMSO-treated control cells;
neither in PIk4 localization to the centrioles nor centriole numbers. At the same time

nuclear morphology and cell cycle progression, as measured by DAPI staining, was also
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normal (data not shown). This clearly argues against a role of p38 in regulating Plk4

protein levels in vivo.
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Figure 32. Small molecule inhibition of p38 does not perturb centriole duplication. (A) U20S cells were
treated for 48h with DMSO, 20 pM SB202190 or 10 uM SB203580. Cells were stained for PIk4 (green), CP110
(red) and Cep135 (blue). Scale bar: 1 um. (B) Percentage of cells treated as described in (A) and grouped by the
number of centrioles counted via CP110 staining. Data of three independent experiments (n = 100) are shown.
Error bars denote s.e.m.

p38 exists in four isoforms (a, B, y, 8) of which p38a and p38B have been
described to be present in HEK 293T and HelLa cells (Jiang and Struhl 1998). Both of
these are inhibited by the p38 inhibitors SB202190 and SB203580 (Karaman et al., 2008)
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and p38a has been described to be at the centrosome in its active phosphorylated form
(Cha et al., 2007; Lee et al., 2010). We hence chose to deplete p38a in asynchronously
growing U20S cells for 72 hours by transfection of siRNA oligonucleotides in order to
corroborate the above finding that small molecule inhibition of p38 does not influence
centriole numbers. As positive control for disturbed PIk4 degradation and subsequent
centriole overduplication we utilized BTrCP depletion. As reported above, BTrCP
depletion leads to a significant increase in Plk4 protein levels at the centrioles and the
number of cells with more than 4 centrioles compared to control-depleted cells (siGL2;
Figure 33A,C). p38a depletion which was monitored by immunoblotting (Figure 33B), on
the other hand, did not alter centriolar Plk4 protein levels or centriole numbers (Figure
33A,0).

In summary, neither small molecule inhibition of p38a and p38B nor SIRNA-
mediated depletion of p38a yielded any visible effect on Plk4 protein levels or centriole
number in asynchronously growing U20S cells. Consequently, the effect of small
molecule p38 inhibition on the Plk4-BTrCP interaction observed in vitro could not be
reproduced in vivo. We hence conclude that p38 most likely does not regulate PIk4 protein

levels in dividing cells.
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Figure 33. siRNA-mediated depletion of p38a does not perturb centriole duplication. (A) U20S cells were
transfected for 72 hours with siRNA oligonucleotides targeting GL2, BTrCP or two independent oligonucleotides
targeting p38a before cells were stained against Plk4 (green), CP110 (red) and Cep135 (blue). Scale bar: 1 pum.
(B) U20S cells were transfected with siRNA oligonucleotides as described in (A) but processed for
immunoblotting. (C) Percentage of cells treated as described in (A) and grouped by the number of centrioles
counted via CP110 staining. Data of three independent experiments (n = 100) are shown. Error bars denote s.e.m.
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5 DISCUSSION

The regulation of the centrosome duplication cycle has gained increasing scientific
attention in recent years due to accumulating evidence that aberrations in centrosome
numbers are causally linked to cancer development (reviewed in Nigg 2002; Godinho et
al., 2009). The concerted efforts to unravel the molecular architecture of the regulatory
mechanisms controlling centriole duplication have led to the discovery of many key
proteins involved in this process. The breakthrough came with the discovery that the
kinase activity of Plk4 is pivotal to copy number control (Habedanck et al., 2005). Since
then tremendous efforts have been undertaken to understand how Plk4 fulfills this
function. Nevertheless, the fundamental mechanisms of how precise regulation of Plk4

kinase activity is achieved to ensure faithful centriole duplication has not been unraveled.

Here, we have gained insight into Plk4’s role in controlling centriole duplication.
We demonstrate that Plk4 is subject to BTrCP-dependent proteasomal degradation. Active
Plk4 promotes its own degradation by catalyzing BTrCP binding through trans-
autophosphorylation within homodimers. While trans-autophosphorylation is required, it
is not sufficient for this process. Unexpectedly, we found that excess kinase-dead Plk4
leads to centriole overduplication, provided that endogenous wild-type Plk4 is present.
Our data indicate that this phenotype results from disruption of Plk4 trans-
autophosporylation by kinase-dead Plk4, which then shields endogenous PIk4 from

recognition by BTrCP.

5.1 PIk4 Kinase Activity is Essential for Centriole Duplication

The initial description of Plk4 as the key regulator of copy number control revealed that
Plk4 kinase activity is essential for centriole duplication (Habedanck et al., 2005).
Puzzlingly, the introduction of excess kinase-dead Plk4 also lead to significant centriole
overduplication, similar to excess active Plk4, and these findings have subsequently been
confirmed by others (Holland et al., 2010). In line with the idea that supernumerary
centriole numbers might arise via cell division failures and due to the fact that kinase-dead
induced centriole overduplication was suppressed in S phase-arrested cells, it was
suggested that kinase-dead PIk4 might cause occasional cell division failures which result

in the doubling of centriole numbers. This was further corroborated by the finding that
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reduced Plk4 protein levels in heterozygous Plk4*" mice also exhibited centrosome
amplification (Ko et al., 2005). However, centriole duplication is also efficiently triggered
by stable overexpression of kinase-dead PIk4 even in S phase-arrested cells. Furthermore,
centriole duplication induced by excess kinase-dead Plk4 is indistinguishable from wild-
type Plk4-induced centriole overduplication. In both cases procentrioles appear in a
rosette-like arrangement around the pre-existing centriole which has been demonstrated to
be the result of a violation of centriole copy number control due to increased Plk4 kinase
activity (Kleylein-Sohn et al., 2007). This clearly refutes the notion that kinase-dead Plk4-
induced centriole overduplication stems from cell division failures. Moreover, the analysis
of centriole numbers with the novel centriolar marker CP110 revealed that transient
overexpression of kinase-dead Plk4 also leads to centriole overduplication which is
identical to canonical Plk4-induced centriole overduplication. CP110 decorates the distal
end of centrioles, thereby allowing the detection of growing procentrioles at very early
stages of centriole duplication. In absence of such a marker, previous studies were most

likely unable to detect centriole duplication at such an early stage of centriole duplication.

Interestingly, kinase-dead Plk4 is not sufficient to drive centriole duplication as it
relies on the presence of endogenous Plk4. This reaffirms that centriole duplication, as
well as centriole overduplication, strictly requires kinase active PlIk4 to catalyze the
recruitment of the centriole duplication proteins for procentriole formation. Yet, it does
not rationalize how kinase-dead Plk4 triggers centriole duplication in the presence of
endogenous Plk4. One possible explanation is that excess kinase-dead PIk4 recruits a
surplus of centriole duplication proteins independently of its kinase activity which would
subsequently be phosphorylated by active Plk4 to trigger formation of supernumerary
procentrioles. The enlargement of the PCM similarly triggers centriole overduplication
even though this occurs via the de novo pathway (Loncarek et al., 2008). Alternatively,
conforming to the Slimb-dependent degradation of Plk4 in Drosophila, kinase-dead Plk4
could protect endogenous Plk4 from degradation and lead to an increase in the protein
levels of endogenous Plk4. Mechanistically speaking, kinase-dead PIk4 could scavenge
protein(s) required for the degradation of Plk4, for instance BTrCP, and endogenous Plk4
would then be stabilized beyond the threshold of centriole overduplication. Yet, this is
refuted by the fact that kinase-dead Plk4 is unable to bind BTrCP (please refer to 4.3.3.3
and see also 5.3). The evidence gathered here points to a third possibility involving trans-
autophosphorylation within heterodimers of endogenous and kinase-dead Plk4, also in the
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context of BPTrCP-mediated degradation of PIk4 which will be discussed later (please refer
to section 5.3).

5.2 PBTrCP Controls Centriole Numbers through Degradation of Plk4

The correlation of Plk4 protein levels with centriole numbers has fostered the concept that
Plk4 activity is tightly regulated at the centrosome to ensure centriole copy number
control. The small window of Plk4 activity within which faithful centriole duplication
occurs may be achieved via a variety of mechanisms. A general scheme in the regulation
of protein kinases is the interplay of phosphorylation and dephosphorylation by upstream
kinases and phosphatases to control kinase activity (reviewed in Hunter 2007). In addition,
the protein levels of the kinase may be directly regulated by its proteolysis via the

ubiquitin-proteasome system.

Several lines of evidence implicate ubiquitination-mediated proteolysis in
centriole copy number control. First and foremost, proteasome function is obligatory for
faithful centriole duplication (Duensing et al., 2007). Second, components of the E3
ubiquitin ligase complex SCF (Skpl-Cull-F-box) have been shown to localize to the
centrosome (Freed et al., 1999) and to be required for constant centrosome numbers
(Nakayama et al., 2000; Woijcik et al., 2000; Guardavaccaro et al., 2003; Murphy 2003).
In this line, the founding member of the F-box family, cyclin F, has recently been
implicated in regulating centriole biogenesis as it was shown to catalyze degradation of
CP110 (D'Angiolella et al., 2010). Third, while this work was in progress, the protein
levels of Drosophila Plk4 were shown to be directly regulated by the F-box protein Slimb
(Cunha-Ferreira et al., 2009; Rogers et al., 2009). Yet, whether this mechanism is
conserved from Drosophila to man was unclear, especially because fundamental
differences in the regulation of Drosophila and human PIk4 have been demonstrated but

not explained (Carvalho-Santos et al., 2010).

In this study we could show that Plk4 protein levels are indeed regulated by
BTrCP, the human homologue of Slimb. Correspondingly, inhibition of the proteasomal
degradation of Plk4 either by general proteasome inhibition or BTrCP depletion leads to
increased centrosomal Plk4 protein levels and supernumerary centrioles in the rosette-like

arrangement of procentrioles around the pre-existing centriole, the phenotypic
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manifestation of excess Plk4 (Habedanck et al., 2005; Kleylein-Sohn et al., 2007). A
direct link between BTrCP and Plk4 protein levels could be affirmed by the fact that
centriole overduplication upon PBTrCP depletion depends on the presence of Plk4.
Moreover, BTrCP and Plk4 interact directly via the conserved DSG motif of Plk4.
Altogether this shows that the control of Plk4 protein levels by BTrCP is conserved from
Drosophila to man. Additionally, the fact that ZYG-1, the functional analogue of PIk4 in
C. elegans, also contains a DSG motif suggests that lin-23, the C. elegans homologue of
BTrCP (Kipreos et al., 2000), may regulate ZYG-1 protein levels and puts forth the
intriguing idea that the mode of control over the protein levels of ZYG-1 and Plk4 is
identical even though ZYG-1 and Plk4 most likely arose through convergent evolution
(Carvalho-Santos et al., 2010).

The importance of efficient fTrCP-mediated degradation is emphasized by the fact
that BTrCP is deregulated in many cancers and BTrCP has hence been attributed oncogenic
as well as tumor suppressor properties (reviewed in Frescas and Pagano 2008). A possible
role for BTrCP in tumorigenesis is furthermore suggested by the fact that it is required for
the timely degradation of many cell cycle regulators, e.g. Cdc25 (Busino et al., 2003;
Kanemori et al., 2005) or Emil (Margottin-Goguet et al., 2003; Peters 2003). Now, we
and others (Cunha-Ferreira et al., 2009; Rogers et al., 2009; Holland et al., 2010)
contribute to this concept by demonstrating that deregulated BTrCP levels result in
supernumerary centrosomes which may result in chromosomal instability (Ganem et al.,
2009), a hallmark of many tumors (Lengauer et al., 1997; D'Assoro et al., 2002; Nigg
2002; Sluder and Nordberg 2004).

5.3 PIk4 trans-Autophosphorylation Regulates its PTrCP-mediated

Degradation

The revelation that human Plk4 is degraded by BTrCP uncovered how Plk4 protein levels
are controlled to ensure faithful centriole duplication. Insight into how this process is
controlled then came from the realization that PIk4 autophosphorylation is required for
interaction with BTrCP and its subsequent ubiquitination and degradation. Similar results
were also reported by others (Holland et al., 2010) and are in good agreement with the
idea that the activated conformation of a protein kinase is a prerequisite for initiating its
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degradation (Kang et al., 2000). However, Holland et al. reported that PlIk4 with a non-
phosphorylatable DSG motif (Plk4-WT-DSGA* 284289 s stahilized to a lesser extent
than kinase-dead Plk4. The authors rationalize this finding with their observations that a
24 amino acid region around the DSG motif is involved in BTrCP binding and that
mutation of all 13 phosphoacceptor residues to alanine within this region stabilized Plk4 to
a greater degree than the Plk4-WT-DSG"* mutation (Holland et al., 2010). Yet, the
authors do not present a plausible rationalization for this effect. In this context, it is
noteworthy that a PIk4 mutant carrying aspartic acids instead of the phosphorylatable
residues in the DSG motif (PIk4-WT-DSGPP $285P/T28)y qe5 not interact with PTrCP.
Possibly other phosphorylation events necessary for TrCP recognition are prevented by
this mutation. Alternatively, simple addition of negative charges to the DSG motif may

not suffice to mimic the presence of phosphate-groups to allow BTrCP binding.

The requirement for PIk4 autophosphorylation in BTrCP binding refuted the
previous working model that centriole overduplication upon overexpression of kinase-
dead Plk4 may arise from direct sequestration of PTrCP by kinase-dead Plk4 and
subsequent increase in PIk4 protein levels. More extensive investigation of the interplay
between Plk4 autophosphorylation and its BTrCP-mediated degradation revealed that Plk4
kinase activity alone is not sufficient to cause centriole overduplication; it also has to
retain centrosome localization and dimerization, confirming earlier results (Habedanck et
al., 2005). Apart from that, Plk4 fragments which localize to the centrosome and only
contain the so-called cryptic polo box and are therefore kinase inactive, induce centriole
overduplication with the rosette-like arrangement of procentrioles around the pre-existing
centriole. Accordingly, the cryptic polo box of Plk4 should be involved in triggering
centriole overduplication upon overexpression of kinase-dead Plk4. The cryptic polo box
contains a coiled-coil domain which is required for both PIk4 dimerization and its
centriolar localization (Leung et al., 2002; Habedanck et al., 2005). This fostered the idea
that excess kinase-dead Plk4 is able to cause centriole overduplication, provided that its
ability to dimerize with endogenous Plk4 is preserved. Further support for this came from
the observation that the ability of kinase-dead Plk4 to bind BTrCP could be restored by
trans-autophosphorylation, while lack of trans-autophosphorylation prevented this. A
mechanism for activation-dependent protein degradation of a Ser/Thr protein kinase was
first demonstrated for PKCn in which kinase activity acts as part of a regulatory feedback
mechanism (Lu et al., 1998). Comparable to Plk4, constitutively active PKCn can trigger
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the degradation of a degradation-resistant, kinase-inactive PKCn polypeptide via trans-
autophosphorylation.

The above demonstrated that autophosphorylation in trans is required to confer
BTrCP-binding properties to PIk4 and led to a model explaining how excess kinase-dead
Plk4 stabilizes endogenous Plk4 and thereby leads to centriole overduplication (Figure
34): Excess kinase-dead Plk4 (hetero-)dimerizes with endogenous Plk4 and thereby
outcompetes endogenous Plk4. Kinase-dead Plk4 is consequently phosphorylated in trans
by endogenous Plk4, but not vice versa: this catalyzes BTrCP-mediated ubiquitination and
degradation of kinase-dead Plk4. At the same time the endogenous Plk4 polypeptide is left
unscathed and ready to undergo another cycle of dimerization, trans-autophosphorylation
and degradation of kinase-dead Plk4. This eventually increases endogenous Plk4 protein
levels above the threshold of centriole overduplication and overrides centriole copy
number control. In excellent agreement with this conclusion, wild-type Plk4 was shown to
promote destruction of kinase-dead Plk4 through intermolecular phosphorylation (Holland
etal., 2010).

W active kinase domain

O inactive kinase domain

| polo box
B coiled-coil domain
O DSG motif

Figure 34. Model of how kinase-dead Plk4 stabilizes endogenous Plk4. Within heterodimers of active and kinase-
dead Plk4, active PIk4 trans-autophosphorylates kinase-dead Plk4 and leads to its PTrCP-mediated degradation either
through direct phosphorylation of the DSG motif or through recruitment of an additional kinase which then
phosphorylates the DSG motif (for the sake of simplicity the latter possibility has been left out in this schematic). This
leaves the active PIk4 molecule unscathed and free to dimerize; most likely with one of the excess kinase-dead Plk4
polypeptide. Hence, active Plk4 is protected from degradation and its levels will increase beyond the threshold of

centriole overduplication.
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5.4 Plk4 Kinase Activity is Not Sufficient for its PTrCP-mediated

Degradation

According to the results discussed above, Plk4 seems to follow the general principles that
apply to the recognition of activated protein kinases for ubiquitination and degradation by
BTrCP (reviewed in Hunter 2007; Lu and Hunter 2009). Trans-autophosphorylation of a
protein kinase may directly activate the DSG motif to create binding sites for E3 ligases.
In some instances, both phosphates are added to the DSG motif by the same kinase, as has
been shown for IkBa phosphorylation by IKK (Winston et al., 1999). Alternatively, the
generation of the phosphodegron requires the cooperative action of two kinases. One
possibility is that the two phosphates within the DSG motif are added by two different
kinases; one kinase acts as a priming kinase to recruit a second kinase, as is the case for -
catenin (Liu et al., 2002). Alternatively, a priming phosphorylation creates a docking site
which is distinct from the DSG motif to recruit a second kinase that phosphorylates the
DSG motif. For instance CDK1 phosphorylation of Weel recruits Plk1 via its polo box
which then creates the SCF phosphodegron (Watanabe et al., 2004).

M kinase domain

B polo box

B coiled-coil domain
O DSG motif

Figure 35. Two schematic models of how PIlk4 trans-autophosphorylation may regulate BTrCP binding.
According to model I, Plk4 autophosphorylation directly phosphorylates the DSG motif in trans and this is sufficient
for BTrCP binding. Alternatively (model II), PIk4 autophosphorylation in trans creates a docking site for an unknown
kinase X. In both cases, phosphorylation of the DSG motif is proposed to initiate the degradation of Plk4.
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The requirement for Plk4 trans-autophosphorylation in BTrCP binding did not
reveal whether trans-autophosphorylation is not just required, but also sufficient for Plk4-
BTrCP binding. This raises the question which mode of action PIk4 follows. Is Plk4 trans-
autophosphorylation sufficient to create the BTrCP phosphodegron or is a second kinase
required for this process? A priori, it is possible that Plk4 trans-autophosphorylation
directly activates the phosphodegron for BTrCP binding (Figure 35, model ).
Alternatively, Plk4 might trans-autophosphorylate on sites distinct from the
phosphodegron that then serve to recruit a different kinase X, which in turn
phosphorylates Plk4 on the phosphodegron or in close proximity to this motif (Figure 35,
model II). In support of the latter possibility, the degradation of several fTrCP targets, e.g.
B-catenin (Liu et al., 2002), Weel (Watanabe et al., 2004) and Erpl1 (Liu and Maller 2005;
Rauh et al., 2005; Hansen et al., 2006), involves the recruitment of phosphodegron-

directed kinases through phosphorylation-dependent docking sites.

Further support for the involvement of an additional kinase in the regulation of the
Plk4-BTrCP interaction stems from the fact that Plk4 trans-autophosphorylation did not
confer BTrCP-binding capability to PIk4 in vitro; for wild-type Plk4 purified from
eukaryotic or prokaryotic cells. In contrast, recombinant, wild-type Plk4 acquired BTrCP-
binding capacity through incubation with cell extracts. Even though the latter result does
not prove the involvement of an additional kinase, together with the other points of
evidence, it strongly suggests that an additional kinase is required for BTrCP binding as
proposed in the two-step model (Figure 35, model I1). The mode of recruitment of the
second kinase, however, remains unclear. A priori, concordant with the observations for
other phosphodegrons, Plk4 autophosphorylation could directly create a docking site for
another kinase. Alternatively, PIk4 autophosphorylation could also cause a conformational
change which allows phosphorylation of the DSG motif by another kinase without the

necessity of a docking site for the second kinase.

Initial insight into which Kkinase may cooperate with Plk4 trans-
autophosphorylation to promote BTrCP binding resulted from a screen with various kinase
inhibitors for their potency to inhibit the Plk4-BTrCP interaction. Surprisingly, out of all
kinase inhibitors tested, only inhibition of the MAP kinase p38 reliably perturbed BTrCP
binding. The two small molecules used (SB202190, SB203580) have been demonstrated
to be potent and specific p38 inhibitors (Davies et al., 2000; Bain et al., 2007; Karaman et
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al., 2008). Even though p38a has been described at the centrosome in its phosphorylated
active state (Cha et al., 2007; Lee et al., 2010), small molecule inhibition of p38 or
SiRNA-mediated depletion of p38a did not have obvious effects on centriole numbers in
dividing cells. This suggests that p38 may not be involved in regulating Plk4-BTrCP
binding in vivo. Moreover, p38 is activated in response to stress conditions and
proinflammatory cytokines (reviewed in Schaeffer and Weber 1999) and would therefore
not be expected to be involved in the regulation of canonical cellular events. Additionally,
it is expected that the kinase regulating PIk4 degradation should be cell cycle regulated in
order to coordinate Plk4 protein levels with the centriole duplication cycle. We therefore
emphasize that even though other kinase inhibitors targeting e.g. PIk1l, GSK3-f or CDKs
did not yield any effect, this does not preclude a role of these kinases in regulating Plk4
degradation, as experiments in vivo may yield different results. Especially Plk1 is a
promising candidate for regulating Plk4 protein levels as many BTrCP substrates require
Plk1 phosphorylation for efficient PTrCP binding and subsequent degradation, e.g. Weel
(Watanabe et al., 2004) and Erpl (Liu and Maller 2005; Rauh et al., 2005; Hansen et al.,
2006). Hence, future investigation will have to show whether in vivo experiments validate
the results obtained after chemical inhibition of PIk1. In this context, it is important to note
that inhibition of the above-mentioned kinases leads to cell cycle defects which would
hinder the analysis of centriole overduplication. To circumvent this in the future, steps
preceding the phenotypic manifestation of reduced Plk4 degradation, i.e. centriole

overduplication, should be assessed.

In principle, mechanisms could also exist to counteract PIk4 degradation in order
to locally and/or temporally increase Plk4 activity to trigger centriole duplication. A
priori, Plk4, as any other BTrCP substrate, may be protected from degradation by spatially
segregating it from BTrCP, e.g. sequestering of BTrCP or obstruction of the fTrCP binding
site. Second, PlIk4 may be actively protected from degradation by a phosphatase which
removes phosphates critical for BTrCP recognition, e.g. at the DSG motif, or for docking
of the second kinase X, implicated in regulating BTrCP binding. And third, the activity of
the second kinase X towards Plk4 may be regulated in a spatio-temporal manner. The
presence of a mechanism protecting a pool of Plk4 from degradation is justified by the fact
that overexpressed Plk4 is only partly degraded in cycloheximide assays. Hence, it is
important to devise methods to study endogenous Plk4 protein levels in order to
understand whether endogenous Plk4 follows the same degradation Kinetics as
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overexpressed Plk4. This would also give further insight into the mechanisms regulating
Plk4 degradation.

In conclusion, our data provides important mechanistic insight into the regulation
of Plk4 protein levels. We provide a rational for the induction of centriole overduplication
by excess kinase-dead Plk4 through trans-autophosphorylation by endogenous active
Plk4. Furthermore, we suggest that PIk4 trans-autophosphorylation, albeit required, is not
sufficient for its BTrCP-mediated degradation. This also raises interesting new questions.
Future research should aim at exploring the timing of Plk4 degradation during the cell
cycle and the identity of the kinase that is proposed here to contribute to control Plk4

stability.
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6 MATERIALS AND METHODS

Plasmids and Cloning
Cloning of Plk4 and BTrCP1 cDNA has been described previously (Habedanck et al.,
2005; Chan et al., 2008).

All cloning procedures were performed according to standard techniques as described in
“Molecular Cloning: A Laboratory Manual” (Sambrook, 1989; 2™ edition) and “Current
Protocols in Molecular Biology” (Wiley, 1999). Restriction enzymes were purchased from
Fermentas (Burlington, Ontario, Canada) and ligation reactions were performed using T4
DNA ligase (NEB, Ipswich, MA). Plasmid purifications and DNA extractions from
agarose gels were done as specified by the supplier (QIAGEN). Sequence mutations in
Plk4 were inserted by using the QuickChange site-directed mutagenesis kit (Stratagene)
according to the manufacturer’s instructions using specific primers. For a complete list of
primers used in this study see Table 4. HA-Ubiquitin was generously provided by Dr. S.
Muller (Max Planck Institute of Biochemistry, Martinsried). All initial plasmids were
checked by DNA sequencing at Medigenomix (Martinsried, Germany). For a list of

plasmids used in this study see Table 1.

Chemicals and Materials

All chemicals were purchased from Merck, Sigma-Aldrich Chemical Company (Sigma,
St. Louis, MO), Fluka-Biochemika (Buchs, Switzerland) or Roth (Karlsruhe, Germany)
unless otherwise stated. Components for growth media for E. coli were from Difco
Laboratories (Lawrence, KS) or Merck (Darmstadt, Germany). The Minigel system was

purchased from Bio-Rad., tabletop centrifuges were from Eppendorf.

Antibodies

A PIlk4 monoclonal antibody (IgG1l) was generated against recombinant MBP-Plk4
(AAT715-970) purified from E. coli. Anti-c-myc (9E10) (Evan et al., 1985), anti-CP110
(Schmidt et al., 2009a), anti-CAP350 (Yan et al., 2006), anti-C-Napl (Fry et al., 1998)
and anti-Cepl135 (Kleylein-Sohn et al., 2007) antibodies have been described previously.
Anti-a-tubulin  (Sigma-Aldrich), anti-FLAG (Sigma-Aldrich) and anti-HA (Covance)
antibodies were commercially obtained. To simultaneously visualize different polyclonal
rabbit antibodies, these were directly labeled by AlexaRed-555 and AlexaCy5-647

fluorophores, using the corresponding Antibody Labeling Kits (Invitrogen).
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A PIk4 polyclonal antibody was generated against recombinant GST-Plk4 (AA888-970)
purified from E. coli by Charles River Laboratories (Romans, France). Antibodies were
affinity purified using GST-tagged antigen bound to Affigel (Biorad) according to

standard protocols after pre-clearing of the serum with Affigel-bound GST.
For a complete list of antibodies used in this study please refer to Table 2.

Cell Culture and Transfections

All cells were grown at 37°C in a 5% CO: atmosphere. HeLa, U20S or HEK 293T cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10%
heat-inactivated fetal calf serum and penicillin-streptomycin (100 pg/ml, Gibco-BRL,
Karlsruhe, Germany). Cells adherent on acid treated glass coverslips were transiently
transfected using TransIT (Mirus Bio, Madison, WI) according to the manufacturer’s
protocol. Transient transfections of HEK 293T cells were performed using TransIT-LT1

transfection reagent (Mirus Bio, Madison, WI) according to the manufacturer’s protocol.

The tetracycline-inducible U20S myc-Plk4-WT cell line (U20S:myc-PIk4-WT) has been
described previously (Kleylein-Sohn et al., 2007). A tetracyclin-inducible cell-line
expressing myc-tagged kinase-dead Plk4 (U20S:myc-Plk4-KD) was generated by
transfection of U20S T-REX cells (Invitrogen). Stable transformants were established by
selection for 2 weeks with 1 mg ml™ G418 (Invitrogen) and 50 pug ml™ hygromycin
(Merck). U20S cells were cultured as described previously (Habedanck et al., 2005) and

myc-Plk4 expression was induced by the addition of 1 pg ml™ of tetracyclin.

siRNA-mediated Protein Depletion

Plk4 was depleted using the previously described siRNA duplex oligonucleotides
targeting the coding sequence (Habedanck et al., 2005) or the 3"-UTR of Plk4 (5°-
CTCCTTTCAGACATATAAG-3’). hSas-6 was depleted using the siRNA duplex
oligonucleotides previously described (Kleylein-Sohn et al., 2007). TrCP1 and BTrCP2
were depleted using SiRNA duplex oligonucleotides targeting both paralogues
(Guardavaccaro et al., 2003). p38a was depleted using two siRNA duplex
oligonucleotides (5"-AACTGCGGTTACTTAAACATA-3; 5-
CTCAGTGATACGTACAGCCAA-3). Luciferase duplex GL2 was used for control
(Elbashir et al., 2001). Transfections were performed using Oligofectamin (Invitrogen)

according to manufacturer’s protocol. All SIRNA duplex oligonucleotides were ordered
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from Qiagen, Hilden, Germany. For a complete list of SiRNA duplex oligonucleotides
used in this study see Table 3.

Cell Extract Preparation and Biochemical Assays

24 hours post transfection, HEK 293T cells were collected and washed in PBS and lysed
on ice for 30 minutes in lysis buffer (50 mM Tris-HCI pH 7.4, 0.5% IgePal, 150 mM
NaCl, 1 mM DTT, 50 mM NaF, 1 mM PMSF, 25 mM B-glycerophosphate, 1 mM
vanadate, Complete Mini Protease Inhibitor Cocktail (Roche Diagnostics)). Lysates were
cleared by centrifugation for 15 minutes at 13,000 g, 4°C.

To assay protein degradation kinetics, translation was inhibited by the addition of 25

pg/ml cycloheximide for the indicated time.

For immunoprecipitations, the extracts were incubated with proteinG beads (GE
Healthcare) and 10 pg of the appropriate antibodies for 1.5 hours at 4°C.
Immunocomplexes bound to beads were washed three times with wash buffer (lysis buffer
with 300 mM NaCl). Bound proteins were eluted by boiling in 2x SDS sample buffer,
resolved by SDS-PAGE and analyzed by immunoblotting.

For in vitro binding assays, the washed immunocomplexes were suspended in lysis buffer
and incubated for 1.5 hours at 4°C with HA-BTrCP, which had been in vitro translated
using the TNT-T7 quick coupled transcription/translation system (Promega) with
[358]-methi0nine according to the manufacturer’s protocol. After washing three times with
wash buffer, the bound proteins were eluted by boiling in 2x SDS sample buffer, resolved

by SDS-PAGE and analyzed by immunoblotting and autoradiography.

In vitro ubiquitination of in vitro translated, [*S]-methionine labeled Plk4 was carried out
using a Hela lysate based ubiquitin conjugation kit (Enzo Life Sciences) according to the
manufacturer’s protocol. Conjugation was visualized by immunoblotting and

autoradiography.

In vitro kinase assays using immunoprecipitated Plk4 were carried out at 30°C in kinase
buffer (50 mM HEPES pH 7.0, 100 mM NaCl, 10 mM MgCl,, 5% glycerol, 1 mM DTT).
Reactions were stopped after 30 minutes by addition of sample buffer. Samples were then

analyzed by immunoblotting and autoradiography.
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Microscopic Techniques

Cells were fixed in methanol for 5 minutes at -20°C. Antibody incubations and washings
were performed as described previously (Meraldi et al., 1999). Stainings were analyzed
using a Deltavision microscope on a Nikon TE200 base (Applied Precision), equipped
with an APOPLAN x100/1.4 n.a. oil-immersion objective. Serial optical sections obtained
0.2 um apart along the Z axis were processed using a deconvolution algorithm and
projected into one picture using Softworx.

Name Tag Insert Vector
pGU173 | N-FLAG | B-TrCP1 COM235 | pcDNA3.1-N-FLAG
pGU174 | 3xmyc B-TrCP1 COM210 | pcDNAS.1-3xmyc

Plk4-KD-DSG™*

pGU177 | 3xmyc (DI54A/S285A/289A) COM210 | pcDNAS.1-3xmyc
pGU181 | HA B-TrCP1 COM230 | pcDNA3.1-HA
pJwW1 N-GFP PIk4-WT COM209 | pEGFP-C2
pJW2 N-GFP PIk4-KD D154A COM209 | pEGFP-C2
pJW3 3xmyc Plk4-KD D154A COM253 | pcDNAS3.1-3xmyc-TO
pJw4 3xmyc PIk4-WT COM253 | pcDNAS.1-3xmyc-TO

pJW14 |3xmyc | PIk4-WT AAL-608 | COM253 | pcDNA3.1-3xmyc-TO

pJW70 | 3xmyc PIk4-WT AA609-970 | COM253 | pcDNA3.1-3xmyc-TO

Plk4-WT-DSG™

PIW187 | N-FLAG | (spe5/7280n)

COM263 | pcDNAS.1-N-FLAG TO

Plk4-WT-DSG”

pJW188 | N-FLAG (S285D/T289D)

COM263 | pcDNA3.1-N-FLAG TO

pRH97 | MBP Plk4-KD COM226 | pMAL-pFN
pRH98 | MBP Plk4-WT COM226 | pMAL-pFN
pRH154 | N-FLAG | PIk4-WT COM263 | pcDNA3.1-N-FLAG TO
pRH155 | N-FLAG | Plk4-KD COM263 | pcDNA3.1-N-FLAG TO
UK207 | HA Ubiquitin n/a Gift from Stefan Muller

Table 1. Plasmids used in this study.
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Antigen Mi?]de Dilution Comment Distributor/Reference
Cepl135 | rabbit 1:1000 | a.p. Schmidt et al., 2007
CP110 | rabbit 1:1000 | a.p. Kleylein-Sohn et al., 2007
FLAG | mouse 1:500 | a.p. Sigma
FLAG | rabbit 1:1000 | a.p. Santa Cruz
HA mouse 1:1000 | a.p. Abnova
myc goat 1:200 | a.p. Santa Cruz
myc mouse 1:5] a.p. Evan et al., 1985
myc rabbit 1:200 | a.p. Santa Cruz
p38a rabbit 1:1000 | a.p. Cell Signaling
Plk4 mouse undiluted | hybridoma supernatant | this work
Plk4 rabbit 1:25 - 1:500 | a.p. Kleylein-Sohn et al., 2007
atubulin | mouse 1:1000 | a.p. Sigma

Table 2. Antibodies used in this study.

Gene Target Sequence (5" 23") Reference oligo #
hSas-6 CTAGATGATGCTACTAAGCAA Kleylein-Sohn et al., 2007 295
Plk4 CTGGTAGTACTAGTTCACCTA Habedanck et al. 2005 302
Plk4 3'-UTR | CTCCTTTCAGACATATAAG this work 141/142
BTrCP1/2 AAGTGGAATTTGTGGAACATC Guardavaccaro et al. 2003 488
p38a AACTGCGGTTACTTAAACATA this work 896
p38a CTCAGTGATACGTACAGCCAA this work 897

Table 3. siRNA oligonucleotides duplexes used in this study

Name | Number Purpose sequence (5">3")
oGU205 | M6127 | cloning BTrCP CAAGGATCCAAATGGACCCGGCCGAGG
oGU206 | M6128 | cloning BTrCP CAACTCGAGTTATCTGGAGATGTAGGTG
Plk4 mutagenesis
oJW64 | M6025 S285A / T289A GAAGACTCAATTGATGCTGGGCATGCCGCAATTTCTACTGC
Plk4 mutagenesis
0JW65 M6026 S285A / T289A GCAGTAGAAATTGCGGCATGCCCAGCATCAATTGAGTCTTC
Plk4 mutagenesis
0JWG66 M6027 $285D / T289D GAAGACTCAATTGATGACGGGCATGCCGACATTTCTACTGC
Plk4 mutagenesis
o0JW67 M6028 $285D / T289D GCAGTAGAAATGTCGGCATGCCCGTCATCAATTGAGTCTTC

Table 4. Primers used for PCR in this study.
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7 ABBREVIATIONS

All units are abbreviated according to the International Unit System.

AA: amino acid(s)

ATP: adenosine 5 -triphosphate

BTrCP: B-transducin repeat containing protein
BSA: bovine serum albumin

Cep: centrosomal protein

CHX: cycloheximide

DAPI: 4”,6-diamidino-2-phenylindole

DTT: dithiothreitol

ECL: enhanced chemiluminescence

EDTA: ethylenedinitrilotetraacetic acid
EGFP: enhanced green fluorescent protein
FCS: fetal calf serum

GFP: green fluorescent protein

HCI: hydrochloric acid

HEPES: N-2-hydroxyethylpiperazine-N"-2-ethane sulfonic acid
IgG: immunoglobulin G

IF: immunofluorescence

IP: immunoprecipitation

IPTG: isopropyl-beta-D-thiogalactopyranoside
mADb: monoclonal antibody

MT: microtubule

MTOC: microtubule-organizing centre

pAb: polyclonal antibody

PCM: pericentriolar material

PBS: phosphate-buffered saline

PCR: polymerase chain reaction

Plk4: Polo-like kinase 4

PMSF: phenylmethylsulfonyl fluoride

RNA: ribonucleic acid

RT: room temperature; reverse transcription
Sak: Snk/Fnk akin kinase

SDS-PAGE: sodium dodecylsulfate polyacrylamid gelelectrophoresis
siRNA: small interference ribonucleic acid
SPB: spindle pole body

ubi: ubiquitin

UTR: untranslated region (of mRNA)

WAB: western blot

WT: wild-type

67



REFERENCES

8 REFERENCES

Acilan, C. and W. S. Saunders (2008). "A tale of too many centrosomes." Cell 134(4):
572-5.

Alvey, P. L. (1985). "An investigation of the centriole cycle using 3T3 and CHO cells.” J
Cell Sci 78: 147-62.

Alvey, P. L. (1986). "Do adult centrioles contain cartwheels and lie at right angles to each
other?" Cell Biol Int Rep 10(8): 589-98.

Andersen, J. S., C. J. Wilkinson, T. Mayor, P. Mortensen, E. A. Nigg and M. Mann
(2003). "Proteomic characterization of the human centrosome by protein correlation
profiling.” Nature 426(6966): 570-4.

Ansley, S. J., J. L. Badano, O. E. Blacque, J. Hill, B. E. Hoskins, C. C. Leitch, J. C. Kim,
A. J. Ross, E. R. Eichers, T. M. Teslovich, A. K. Mah, R. C. Johnsen, J. C. Cavender, R.
A. Lewis, M. R. Leroux, P. L. Beales and N. Katsanis (2003). "Basal body dysfunction is
a likely cause of pleiotropic Bardet-Biedl syndrome." Nature 425(6958): 628-33.

Azimzadeh, J. and M. Bornens (2007). "Structure and duplication of the centrosome." J
Cell Sci 120(Pt 13): 2139-42.

Azimzadeh, J., P. Hergert, A. Delouvee, U. Euteneuer, E. Formstecher, A. Khodjakov and
M. Bornens (2009). "hPOCS is a centrin-binding protein required for assembly of full-
length centrioles.” J Cell Biol 185(1): 101-14.

Bahe, S., Y. D. Stierhof, C. J. Wilkinson, F. Leiss and E. A. Nigg (2005). "Rootletin forms
centriole-associated filaments and functions in centrosome cohesion.” J Cell Biol 171(1):
27-33.

Bai, C., P. Sen, K. Hofmann, L. Ma, M. Goebl, J. W. Harper and S. J. Elledge (1996).
"SKP1 connects cell cycle regulators to the ubiquitin proteolysis machinery through a
novel motif, the F-box." Cell 86(2): 263-74.

Bain, J., L. Plater, M. Elliott, N. Shpiro, C. J. Hastie, H. McLauchlan, 1. Klevernic, J. S.
Arthur, D. R. Alessi and P. Cohen (2007). "The selectivity of protein kinase inhibitors: a
further update." Biochem J 408(3): 297-315.

Balczon, R., L. Bao, W. E. Zimmer, K. Brown, R. P. Zinkowski and B. R. Brinkley
(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(1):
105-15.

Basto, R., K. Brunk, T. Vinadogrova, N. Peel, A. Franz, A. Khodjakov and J. W. Raff
(2008). "Centrosome amplification can initiate tumorigenesis in flies." Cell 133(6): 1032-
42.

68



REFERENCES

Berbari, N. F., A. K. O'Connor, C. J. Haycraft and B. K. Yoder (2009). "The primary
cilium as a complex signaling center." Curr Biol 19(13): R526-35.

Berthet, C., E. Aleem, V. Coppola, L. Tessarollo and P. Kaldis (2003). "Cdk2 knockout
mice are viable.” Curr Biol 13(20): 1775-85.

Bettencourt-Dias, M. and D. M. Glover (2007). "Centrosome biogenesis and function:
centrosomics brings new understanding.” Nat Rev Mol Cell Biol 8(6): 451-63.

Bettencourt-Dias, M. and D. M. Glover (2009). "SnapShot: centriole biogenesis.” Cell
136(1): 188-188 el.

Bettencourt-Dias, M., A. Rodrigues-Martins, L. Carpenter, M. Riparbelli, L. Lehmann, M.
K. Gatt, N. Carmo, F. Balloux, G. Callaini and D. M. Glover (2005). "SAK/PLK4 is
required for centriole duplication and flagella development.” Curr Biol 15(24): 2199-207.

Blow, J. J. and A. Dutta (2005). "Preventing re-replication of chromosomal DNA." Nat
Rev Mol Cell Biol 6(6): 476-86.

Bobinnec, Y., A. Khodjakov, L. M. Mir, C. L. Rieder, B. Edde and M. Bornens (1998).
"Centriole disassembly in vivo and its effect on centrosome structure and function in
vertebrate cells.” J Cell Biol 143(6): 1575-89.

Bornens, M. (2002). "Centrosome composition and microtubule anchoring mechanisms."
Curr Opin Cell Biol 14(1): 25-34.

Bornens, M. (2008). "Organelle positioning and cell polarity.” Nat Rev Mol Cell Biol
9(11): 874-86.

Boveri, T. (1887). "Uber die Befruchtung der Eier von Ascaris megalocephala.” Sitz.-Ber.
Ges. Morph. Phys. Miinchen. 3.

Boveri, T. (1888). "Zellen-Studien Il. Die Befruchtung und Teilung des Eies von Ascaris
megalocephala.” Jena. Z. Naturwissenschaften(22): 685-882.

Boveri, T. (1914). Zur Frage der Entstehung maligner Tumoren. (English Translation: The
Origin of Malignant Tumors, Williams and Wilkins, Baltimore, Maryland, 1929).

Buffin, E., D. Emre and R. E. Karess (2007). "Flies without a spindle checkpoint.” Nat
Cell Biol 9(5): 565-572.

Busino, L., M. Donzelli, M. Chiesa, D. Guardavaccaro, D. Ganoth, N. V. Dorrello, A.
Hershko, M. Pagano and G. F. Draetta (2003). "Degradation of Cdc25A by beta-TrCP
during S phase and in response to DNA damage." Nature 426(6962): 87-91.

Carvalho-Santos, Z., P. Machado, P. Branco, F. Tavares-Cadete, A. Rodrigues-Martins, J.
B. Pereira-Leal and M. Bettencourt-Dias (2010). "Stepwise evolution of the centriole-
assembly pathway." J Cell Sci 123(Pt 9): 1414-26.

69



REFERENCES

Cha, H., X. Wang, H. Li and A. J. Fornace, Jr. (2007). "A functional role for p38 MAPK
in modulating mitotic transit in the absence of stress.” J Biol Chem 282(31): 22984-92.

Chan, E. H., A. Santamaria, H. H. Sillje and E. A. Nigg (2008). "PIk1 regulates mitotic
Aurora A function through betaTrCP-dependent degradation of hBora." Chromosoma
117(5): 457-69.

Chang, P., T. H. Giddings, Jr., M. Winey and T. Stearns (2003). "Epsilon-tubulin is
required for centriole duplication and microtubule organization.” Nat Cell Biol 5(1): 71-6.

Cheng, K. Y., E. D. Lowe, J. Sinclair, E. A. Nigg and L. N. Johnson (2003). "The crystal
structure of the human polo-like kinase-1 polo box domain and its phospho-peptide
complex." Embo J 22(21): 5757-68.

Christensen, S. T. and C. M. Ott (2007). "Cell signaling. A ciliary signaling switch."
Science 317(5836): 330-1.

Christensen, S. T., L. B. Pedersen, L. Schneider and P. Satir (2007). "Sensory cilia and
integration of signal transduction in human health and disease." Traffic 8(2): 97-109.

Cunha-Ferreira, 1., A. Rodrigues-Martins, 1. Bento, M. Riparbelli, W. Zhang, E. Laue, G.
Callaini, D. M. Glover and M. Bettencourt-Dias (2009). "The SCF/Slimb ubiquitin ligase
limits centrosome amplification through degradation of SAK/PLK4." Curr Biol 19(1): 43-
9.

D'Angiolella, V., V. Donato, S. Vijayakumar, A. Saraf, L. Florens, M. P. Washburn, B.
Dynlacht and M. Pagano (2010). "SCF(Cyclin F) controls centrosome homeostasis and
mitotic fidelity through CP110 degradation.” Nature 466(7302): 138-42.

D'Assoro, A. B., W. L. Lingle and J. L. Salisbury (2002). "Centrosome amplification and
the development of cancer.” Oncogene 21(40): 6146-53.

Dammermann, A., P. S. Maddox, A. Desai and K. Oegema (2008). "SAS-4 is recruited to
a dynamic structure in newly forming centrioles that is stabilized by the gamma-tubulin-
mediated addition of centriolar microtubules.” J Cell Biol 180(4): 771-85.

Dammermann, A., T. Muller-Reichert, L. Pelletier, B. Habermann, A. Desai and K.
Oegema (2004). "Centriole assembly requires both centriolar and pericentriolar material
proteins.” Dev Cell 7(6): 815-29.

Davies, S. P., H. Reddy, M. Caivano and P. Cohen (2000). "Specificity and mechanism of
action of some commonly used protein kinase inhibitors."” Biochem J 351(Pt 1): 95-105.

Dawe, H. R., H. Farr and K. Gull (2007). "Centriole/basal body morphogenesis and
migration during ciliogenesis in animal cells.” J Cell Sci 120(Pt 1): 7-15.

Delattre, M., C. Canard and P. Gonczy (2006). "Sequential protein recruitment in C.
elegans centriole formation." Curr Biol 16(18): 1844-9.

70



REFERENCES

Delattre, M., S. Leidel, K. Wani, K. Baumer, J. Bamat, H. Schnabel, R. Feichtinger, R.
Schnabel and P. Gonczy (2004). "Centriolar SAS-5 is required for centrosome duplication
in C. elegans.” Nat Cell Biol 6(7): 656-64.

Diffley, J. F. (2001). "DNA replication: building the perfect switch." Curr Biol 11(9):
R367-70.

Dirksen, E. R. (1991). "Centriole and basal body formation during ciliogenesis revisited."
Biol Cell 72(1-2): 31-8.

Dodson, H., E. Bourke, L. J. Jeffers, P. Vagnarelli, E. Sonoda, S. Takeda, W. C.
Earnshaw, A. Merdes and C. Morrison (2004). "Centrosome amplification induced by
DNA damage occurs during a prolonged G2 phase and involves ATM." EMBO J 23(19):
3864-73.

Doxsey, S. (2001). "Re-evaluating centrosome function."” Nat Rev Mol Cell Biol 2(9):
688-98.

Doxsey, S., D. McCollum and W. Theurkauf (2005). "Centrosomes in cellular regulation."
Annu Rev Cell Dev Biol 21: 411-34.

Duensing, A., Y. Liu, S. A. Perdreau, J. Kleylein-Sohn, E. A. Nigg and S. Duensing
(2007). "Centriole overduplication through the concurrent formation of multiple daughter
centrioles at single maternal templates.” Oncogene 26(43): 6280-8.

Duensing, A., Y. Liu, M. Tseng, M. Malumbres, M. Barbacid and S. Duensing (2006).
"Cyclin-dependent kinase 2 is dispensable for normal centrosome duplication but required
for oncogene-induced centrosome overduplication.” Oncogene 25(20): 2943-9.

Duensing, S., L. Y. Lee, A. Duensing, J. Basile, S. Piboonniyom, S. Gonzalez, C. P. Crum
and K. Munger (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 U S A 97(18): 10002-7.

Elbashir, S. M., J. Harborth, W. Lendeckel, A. Yalcin, K. Weber and T. Tuschl (2001).
"Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian
cells." Nature 411(6836): 494-8.

Elia, A. E., L. C. Cantley and M. B. Yaffe (2003a). "Proteomic screen finds pSer/pThr-
binding domain localizing Plk1 to mitotic substrates." Science 299(5610): 1228-31.

Elia, A. E., P. Rellos, L. F. Haire, J. W. Chao, F. J. lvins, K. Hoepker, D. Mohammad, L.
C. Cantley, S. J. Smerdon and M. B. Yaffe (2003b). "The molecular basis for
phosphodependent substrate targeting and regulation of Plks by the Polo-box domain."
Cell 115(1): 83-95.

Evan, G. I, G. K. Lewis, G. Ramsay and J. M. Bishop (1985). "Isolation of monoclonal
antibodies specific for human c-myc proto-oncogene product.” Mol Cell Biol 5(12): 3610-
6.

71



REFERENCES

Finley, D. (2009). "Recognition and processing of ubiquitin-protein conjugates by the
proteasome.” Annu Rev Biochem 78: 477-513.

Fode, C., C. Binkert and J. W. Dennis (1996). "Constitutive expression of murine Sak-a
suppresses cell growth and induces multinucleation.” Mol Cell Biol 16(9): 4665-72.

Fode, C., B. Motro, S. Yousefi, M. Heffernan and J. W. Dennis (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 U S A 91(14): 6388-92.

Frank, V., A. I. den Hollander, N. O. Bruchle, M. N. Zonneveld, G. Nurnberg, C. Becker,
G. D. Bois, H. Kendziorra, S. Roosing, J. Senderek, P. Nurnberg, F. P. Cremers, K. Zerres
and C. Bergmann (2007). "Mutations of the CEP290 gene encoding a centrosomal protein
cause Meckel-Gruber syndrome.” Hum Mutat.

Freed, E., K. R. Lacey, P. Huie, S. A. Lyapina, R. J. Deshaies, T. Stearns and P. K.
Jackson (1999). "Components of an SCF ubiquitin ligase localize to the centrosome and
regulate the centrosome duplication cycle." Genes Dev 13(17): 2242-57.

Frescas, D. and M. Pagano (2008). "Deregulated proteolysis by the F-box proteins SKP2
and beta-TrCP: tipping the scales of cancer.” Nat Rev Cancer 8(6): 438-49.

Fry, A. M., T. Mayor, P. Meraldi, Y. D. Stierhof, K. Tanaka and E. A. Nigg (1998). "C-
Napl, a novel centrosomal coiled-coil protein and candidate substrate of the cell cycle-
regulated protein kinase Nek2." J Cell Biol 141(7): 1563-74.

Ganem, N. J., S. A. Godinho and D. Pellman (2009). "A mechanism linking extra
centrosomes to chromosomal instability.” Nature 460(7252): 278-82.

Geng, Y., Q. Yu, E. Sicinska, M. Das, J. E. Schneider, S. Bhattacharya, W. M. Rideout, R.
T. Bronson, H. Gardner and P. Sicinski (2003). "Cyclin E ablation in the mouse.” Cell
114(4): 431-43.

Gerdes, J. M., E. E. Davis and N. Katsanis (2009). "The vertebrate primary cilium in
development, homeostasis, and disease.” Cell 137(1): 32-45.

Gisselsson, D. (2003). "Chromosome instability in cancer: how, when, and why?" Adv
Cancer Res 87: 1-29.

Godinho, S. A., M. Kwon and D. Pellman (2009). "Centrosomes and cancer: how cancer
cells divide with too many centrosomes."” Cancer Metastasis Rev 28(1-2): 85-98.

Graser, S., Y. D. Stierhof, S. B. Lavoie, O. S. Gassner, S. Lamla, M. Le Clech and E. A.
Nigg (2007a). "Cepl64, a novel centriole appendage protein required for primary cilium
formation.” J Cell Biol 179(2): 321-30.

Graser, S., Y. D. Stierhof and E. A. Nigg (2007b). "Cep68 and Cep215 (Cdk5rap2) are
required for centrosome cohesion." J Cell Sci 120(Pt 24): 4321-31.

72



REFERENCES

Guardavaccaro, D., Y. Kudo, J. Boulaire, M. Barchi, L. Busino, M. Donzelli, F.
Margottin-Goguet, P. K. Jackson, L. Yamasaki and M. Pagano (2003). "Control of meiotic
and mitotic progression by the F box protein beta-Trcpl in vivo." Dev Cell 4(6): 799-812.

Guarguaglini, G., P. I. Duncan, Y. D. Stierhof, T. Holmstrom, S. Duensing and E. A. Nigg
(2005). "The forkhead-associated domain protein Cep170 interacts with Polo-like kinase 1
and serves as a marker for mature centrioles.” Mol Biol Cell 16(3): 1095-107.

Habedanck, R., Y. D. Stierhof, C. J. Wilkinson and E. A. Nigg (2005). "The Polo kinase
Plk4 functions in centriole duplication.” Nat Cell Biol 7(11): 1140-6.

Hammond, C., L. Jeffers, B. I. Carr and D. Simon (1999). "Multiple genetic alterations,
4028, a new suppressor region, and potential gender differences in human hepatocellular
carcinoma.” Hepatology 29(5): 1479-85.

Han, Y. G. and A. Alvarez-Buylla (2010). "Role of primary cilia in brain development and
cancer." Curr Opin Neurobiol.

Hansen, D. V., J. J. Tung and P. K. Jackson (2006). "CaMKII and polo-like kinase 1
sequentially phosphorylate the cytostatic factor Emi2/XErp1 to trigger its destruction and
meiotic exit." Proc Natl Acad Sci U S A 103(3): 608-13.

Hershko, A. and A. Ciechanover (1998). "The ubiquitin system." Annu Rev Biochem 67:
425-79.

Hinchcliffe, E. H., C. Li, E. A. Thompson, J. L. Maller and G. Sluder (1999).
"Requirement of Cdk2-cyclin E activity for repeated centrosome reproduction in Xenopus
egg extracts." Science 283(5403): 851-4.

Hiraki, M., Y. Nakazawa, R. Kamiya and M. Hirono (2007). "Bld10p constitutes the
cartwheel-spoke tip and stabilizes the 9-fold symmetry of the centriole.” Curr Biol 17(20):
1778-83.

Hochstrasser, M. (1996). "Ubiquitin-dependent protein degradation.” Annu Rev Genet 30:
405-39.

Holland, A. J., W. Lan, S. Niessen, H. Hoover and D. W. Cleveland (2010). "Polo-like
kinase 4 kinase activity limits centrosome overduplication by autoregulating its own
stability." J Cell Biol 188(2): 191-8.

Hook, S. S., J. J. Lin and A. Dutta (2007). "Mechanisms to control rereplication and
implications for cancer.” Curr Opin Cell Biol 19(6): 663-71.

Hudson, J. W., A. Kozarova, P. Cheung, J. C. Macmillan, C. J. Swallow, J. C. Cross and J.
W. Dennis (2001). "Late mitotic failure in mice lacking Sak, a polo-like kinase." Curr Biol
11(6): 441-6.

Hung, L. Y., C. J. Tang and T. K. Tang (2000). "Protein 4.1 R-135 interacts with a novel
centrosomal protein (CPAP) which is associated with the gamma-tubulin complex.” Mol
Cell Biol 20(20): 7813-25.

73



REFERENCES

Hunter, T. (2007). "The age of crosstalk: phosphorylation, ubiquitination, and beyond."
Mol Cell 28(5): 730-8.

Ibanez-Tallon, 1., N. Heintz and H. Omran (2003). "To beat or not to beat: roles of cilia in
development and disease.” Hum Mol Genet 12 Spec No 1: R27-35.

Ishikawa, H., A. Kubo and S. Tsukita (2005). "Odf2-deficient mother centrioles lack
distal/subdistal appendages and the ability to generate primary cilia."” Nat Cell Biol 7(5):
517-24.

Jiang, J. and G. Struhl (1998). "Regulation of the Hedgehog and Wingless signalling
pathways by the F-box/WD40-repeat protein Slimb." Nature 391(6666): 493-6.

Jones, M. H. and M. Winey (2006). "Centrosome duplication: is asymmetry the clue?"
Curr Biol 16(18): R808-10.

Kanemori, Y., K. Uto and N. Sagata (2005). "Beta-TrCP recognizes a previously
undescribed nonphosphorylated destruction motif in Cdc25A and Cdc25B phosphatases.”
Proc Natl Acad Sci U S A 102(18): 6279-84.

Kang, B. S., O. G. French, J. J. Sando and C. S. Hahn (2000). "Activation-dependent
degradation of protein kinase C eta." Oncogene 19(37): 4263-72.

Karaman, M. W., S. Herrgard, D. K. Treiber, P. Gallant, C. E. Atteridge, B. T. Campbell,
K. W. Chan, P. Ciceri, M. I. Davis, P. T. Edeen, R. Faraoni, M. Floyd, J. P. Hunt, D. J.
Lockhart, Z. V. Milanov, M. J. Morrison, G. Pallares, H. K. Patel, S. Pritchard, L. M.
Wodicka and P. P. Zarrinkar (2008). "A quantitative analysis of kinase inhibitor
selectivity." Nat Biotechnol 26(1): 127-32.

Karn, T., U. Holtrich, G. Wolf, B. Hock, K. Strebhardt and H. RubsamenWaigmann
(1997). "Human SAK related to the PLK/polo family of cell cycle kinases shows high
MRNA expression in testis." Oncology Reports 4(3): 505-510.

Keller, L. C., S. Geimer, E. Romijn, J. Yates, 3rd, I. Zamora and W. F. Marshall (2009).
"Molecular architecture of the centriole proteome: the conserved WD40 domain protein
POCL is required for centriole duplication and length control.” Mol Biol Cell 20(4): 1150-
66.

Khodjakov, A., C. L. Rieder, G. Sluder, G. Cassels, O. Sibon and C. L. Wang (2002). "De
novo formation of centrosomes in vertebrate cells arrested during S phase.” J Cell Biol
158(7): 1171-81.

Kipreos, E. T., S. P. Gohel and E. M. Hedgecock (2000). "The C. elegans F-box/WD-
repeat protein LIN-23 functions to limit cell division during development.” Development
127(23): 5071-82.

Kirkham, M., T. Muller-Reichert, K. Oegema, S. Grill and A. A. Hyman (2003). "SAS-4
is a C. elegans centriolar protein that controls centrosome size." Cell 112(4): 575-87.

74



REFERENCES

Kitagawa, D., C. Busso, I. Fluckiger and P. Gonczy (2009). "Phosphorylation of SAS-6 by
ZYG-1 is critical for centriole formation in C. elegans embryos." Dev Cell 17(6): 900-7.

Kleylein-Sohn, J., J. Westendorf, M. Le Clech, R. Habedanck, Y. D. Stierhof and E. A.
Nigg (2007). "Plk4-induced centriole biogenesis in human cells.” Dev Cell 13(2): 190-
202.

Ko, M. A., C. O. Rosario, J. W. Hudson, S. Kulkarni, A. Pollett, J. W. Dennis and C. J.
Swallow (2005). "Plk4 haploinsufficiency causes mitotic infidelity and carcinogenesis."
Nat Genet 37(8): 883-8.

Kochanski, R. S. and G. G. Borisy (1990). "Mode of centriole duplication and
distribution.”™ J Cell Biol 110(5): 1599-605.

Kohlmaier, G., J. Loncarek, X. Meng, B. F. McEwen, M. M. Mogensen, A. Spektor, B. D.
Dynlacht, A. Khodjakov and P. Gonczy (2009). "Overly Long Centrioles and Defective
Cell Division upon Excess of the SAS-4-Related Protein CPAP." Curr Biol.

Korzeniewski, N., L. Zheng, R. Cuevas, J. Parry, P. Chatterjee, B. Anderton, A. Duensing,
K. Munger and S. Duensing (2009). "Cullin 1 functions as a centrosomal suppressor of
centriole multiplication by regulating polo-like kinase 4 protein levels." Cancer Res
69(16): 6668-75.

Kuriyama, R. and G. G. Borisy (1981). "Centriole cycle in Chinese hamster ovary cells as
determined by whole-mount electron microscopy.” J Cell Biol 91(3 Pt 1): 814-21.

Kuriyama, R., S. Dasgupta and G. G. Borisy (1986). "Independence of centriole formation
and initiation of DNA synthesis in Chinese hamster ovary cells.” Cell Motil Cytoskeleton
6(4): 355-62.

Kwon, M., S. A. Godinho, N. S. Chandhok, N. J. Ganem, A. Azioune, M. Thery and D.
Pellman (2008). "Mechanisms to suppress multipolar divisions in cancer cells with extra
centrosomes." Genes Dev 22(16): 2189-203.

La Terra, S., C. N. English, P. Hergert, B. F. McEwen, G. Sluder and A. Khodjakov
(2005). "The de novo centriole assembly pathway in HeLa cells: cell cycle progression
and centriole assembly/maturation.” J Cell Biol 168(5): 713-22.

Lacey, K. R., P. K. Jackson and T. Stearns (1999). "Cyclin-dependent kinase control of
centrosome duplication.” Proc Natl Acad Sci U S A 96(6): 2817-22.

Lee, K., A. Kenny and C. L. Rieder (2010). "P38 MAP Kinase Activity Is Required during
Mitosis for Timely Satisfaction of the Mitotic Checkpoint but Not for the Fidelity of
Chromosome Segregation.” Mol Biol Cell.

Leidel, S., M. Delattre, L. Cerutti, K. Baumer and P. Gonczy (2005). "SAS-6 defines a
protein family required for centrosome duplication in C. elegans and in human cells.” Nat
Cell Biol 7(2): 115-25.

75



REFERENCES

Leidel, S. and P. Gonczy (2003). "SAS-4 is essential for centrosome duplication in C
elegans and is recruited to daughter centrioles once per cell cycle.” Dev Cell 4(3): 431-9.

Lengauer, C., K. W. Kinzler and B. Vogelstein (1997). "Genetic instability in colorectal
cancers." Nature 386(6625): 623-7.

Leung, G. C., J. W. Hudson, A. Kozarova, A. Davidson, J. W. Dennis and F. Sicheri
(2002). "The Sak polo-box comprises a structural domain sufficient for mitotic subcellular
localization." Nat Struct Biol 9(10): 719-24.

Lingle, W. L., S. L. Barrett, V. C. Negron, A. B. D'Assoro, K. Boeneman, W. Liu, C. M.
Whitehead, C. Reynolds and J. L. Salisbury (2002). "Centrosome amplification drives
chromosomal instability in breast tumor development.” Proc Natl Acad Sci U S A 99(4):
1978-83.

Liu, C., Y. Li, M. Semenov, C. Han, G. H. Baeg, Y. Tan, Z. Zhang, X. Lin and X. He
(2002). "Control of beta-catenin phosphorylation/degradation by a dual-kinase
mechanism.” Cell 108(6): 837-47.

Liu, J. and J. L. Maller (2005). "Calcium elevation at fertilization coordinates
phosphorylation of XErpl/Emi2 by PIx1 and CaMK Il to release metaphase arrest by
cytostatic factor.” Curr Biol 15(16): 1458-68.

Loncarek, J., P. Hergert, V. Magidson and A. Khodjakov (2008). "Control of daughter
centriole formation by the pericentriolar material." Nat Cell Biol 10(3): 322-8.

Lowery, D. M., D. Lim and M. B. Yaffe (2005). "Structure and function of Polo-like
kinases." Oncogene 24(2): 248-59.

Lu, Z. and T. Hunter (2009). "Degradation of activated protein kinases by ubiquitination."
Annu Rev Biochem 78: 435-75.

Lu, Z., D. Liu, A. Hornia, W. Devonish, M. Pagano and D. A. Foster (1998). "Activation
of protein kinase C triggers its ubiquitination and degradation." Mol Cell Biol 18(2): 839-
45,

Macmillan, J. C., J. W. Hudson, S. Bull, J. W. Dennis and C. J. Swallow (2001).
"Comparative expression of the mitotic regulators SAK and PLK in colorectal cancer.”
Ann Surg Oncol 8(9): 729-40.

Margottin-Goguet, F., J. Y. Hsu, A. Loktev, H. M. Hsieh, J. D. Reimann and P. K.
Jackson (2003). "Prophase destruction of Emil by the SCF(betaTrCP/Slimb) ubiquitin
ligase activates the anaphase promoting complex to allow progression beyond
prometaphase.” Dev Cell 4(6): 813-26.

Marshall, W. F. (2009). "Centriole evolution.” Curr Opin Cell Biol 21(1): 14-9.

Matsumoto, Y., K. Hayashi and E. Nishida (1999). "Cyclin-dependent kinase 2 (Cdk2) is
required for centrosome duplication in mammalian cells.” Curr Biol 9(8): 429-32.

76



REFERENCES

Meraldi, P., J. Lukas, A. M. Fry, J. Bartek and E. A. Nigg (1999). "Centrosome
duplication in mammalian somatic cells requires E2F and Cdk2-cyclin A." Nat Cell Biol
1(2): 88-93.

Michaud, E. J. and B. K. Yoder (2006). "The primary cilium in cell signaling and cancer."
Cancer Res 66(13): 6463-7.

Mogensen, M. M., A. Malik, M. Piel, V. Bouckson-Castaing and M. Bornens (2000).
"Microtubule minus-end anchorage at centrosomal and non-centrosomal sites: the role of
ninein." J Cell Sci 113 ( Pt 17): 3013-23.

Moritz, M. and D. A. Agard (2001). "Gamma-tubulin complexes and microtubule
nucleation.” Curr Opin Struct Biol 11(2): 174-81.

Moritz, M., M. B. Braunfeld, J. W. Sedat, B. Alberts and D. A. Agard (1995).
"Microtubule nucleation by gamma-tubulin-containing rings in the centrosome.” Nature
378(6557): 638-40.

Murphy, T. D. (2003). "Drosophila skpA, a component of SCF ubiquitin ligases, regulates
centrosome duplication independently of cyclin E accumulation.” J Cell Sci 116(Pt 11):
2321-32.

Nakayama, K., H. Nagahama, Y. A. Minamishima, M. Matsumoto, I. Nakamichi, K.
Kitagawa, M. Shirane, R. Tsunematsu, T. Tsukiyama, N. Ishida, M. Kitagawa and S.
Hatakeyama (2000). "Targeted disruption of Skp2 results in accumulation of cyclin E and
p27(Kipl), polyploidy and centrosome overduplication.” EMBO J 19(9): 2069-81.

Nakayama, K. I. and K. Nakayama (2006). "Ubiquitin ligases: cell-cycle control and
cancer.” Nat Rev Cancer 6(5): 369-81.

Nakazawa, Y., M. Hiraki, R. Kamiya and M. Hirono (2007). "SAS-6 is a cartwheel
protein that establishes the 9-fold symmetry of the centriole.” Curr Biol 17(24): 2169-74.

Nigg, E. A. (2002). "Centrosome aberrations: cause or consequence of cancer
progression?" Nat Rev Cancer 2(11): 815-25.

Nigg, E. A. (2004). "Centrosomes in Development and Disease." Wiley-VCH Verlag
GmbH & Co. KGaA.

Nigg, E. A. (2007). "Centrosome duplication: of rules and licenses.” Trends Cell Biol
17(5): 215-21.

Nigg, E. A. and J. W. Raff (2009). "Centrioles, centrosomes, and cilia in health and
disease.” Cell 139(4): 663-78.

O'Connell, K. F., C. Caron, K. R. Kopish, D. D. Hurd, K. J. Kemphues, Y. Li and J. G.
White (2001). "The C. elegans zyg-1 gene encodes a regulator of centrosome duplication
with distinct maternal and paternal roles in the embryo." Cell 105(4): 547-58.

77



REFERENCES

Omran, H., G. Sasmaz, K. Haffner, A. Volz, H. Olbrich, R. Melkaoui, E. Otto, T. F.
Wienker, R. Korinthenberg, M. Brandis, C. Antignac and F. Hildebrandt (2002).
"Identification of a gene locus for Senior-Loken syndrome in the region of the
nephronophthisis type 3 gene." J Am Soc Nephrol 13(1): 75-9.

Ortega, S., I. Prieto, J. Odajima, A. Martin, P. Dubus, R. Sotillo, J. L. Barbero, M.
Malumbres and M. Barbacid (2003). "Cyclin-dependent kinase 2 is essential for meiosis
but not for mitotic cell division in mice." Nat Genet 35(1): 25-31.

Paintrand, M., M. Moudjou, H. Delacroix and M. Bornens (1992). "Centrosome
organization and centriole architecture: their sensitivity to divalent cations.” J Struct Biol
108(2): 107-28.

Palazzo, R. E., J. M. Vogel, B. J. Schnackenberg, D. R. Hull and X. Wu (2000).
"Centrosome maturation.” Curr Top Dev Biol 49: 449-70.

Pedersen, L. B. and J. L. Rosenbaum (2008). "Intraflagellar transport (IFT) role in ciliary
assembly, resorption and signalling.” Curr Top Dev Biol 85: 23-61.

Peel, N., N. R. Stevens, R. Basto and J. W. Raff (2007). "Overexpressing centriole-
replication proteins in vivo induces centriole overduplication and de novo formation."”
Curr Biol 17(10): 834-43.

Pelletier, L., E. O'Toole, A. Schwager, A. A. Hyman and T. Muller-Reichert (2006).
"Centriole assembly in Caenorhabditis elegans.” Nature 444(7119): 619-23.

Peters, J. M. (2003). "Emil proteolysis: how SCF(beta-Trcpl) helps to activate the
anaphase-promoting complex." Mol Cell 11(6): 1420-1.

Pickart, C. M. and R. E. Cohen (2004). "Proteasomes and their Kin: proteases in the
machine age." Nat Rev Mol Cell Biol 5(3): 177-87.

Piel, M., P. Meyer, A. Khodjakov, C. L. Rieder and M. Bornens (2000). "The respective
contributions of the mother and daughter centrioles to centrosome activity and behavior in
vertebrate cells.” J Cell Biol 149(2): 317-30.

Pihan, G. A., J. Wallace, Y. Zhou and S. J. Doxsey (2003). "Centrosome abnormalities
and chromosome instability occur together in pre-invasive carcinomas." Cancer Res 63(6):
1398-404.

Quintyne, N. J.,, J. E. Reing, D. R. Hoffelder, S. M. Gollin and W. S. Saunders (2005).
"Spindle multipolarity is prevented by centrosomal clustering.” Science 307(5706): 127-9.

Rauh, N. R., A. Schmidt, J. Bormann, E. A. Nigg and T. U. Mayer (2005). "Calcium
triggers exit from meiosis Il by targeting the APC/C inhibitor XErpl for degradation.”
Nature 437(7061): 1048-52.

Reed, S. I. (2003). "Ratchets and clocks: the cell cycle, ubiquitylation and protein
turnover.” Nat Rev Mol Cell Biol 4(11): 855-64.

78



REFERENCES

Robbins, E., G. Jentzsch and A. Micali (1968). "The centriole cycle in synchronized HelLa
cells." J Cell Biol 36(2): 329-309.

Rodrigues-Martins, A., M. Riparbelli, G. Callaini, D. M. Glover and M. Bettencourt-Dias
(2007a). "Reuvisiting the role of the mother centriole in centriole biogenesis." Science
316(5827): 1046-50.

Rodrigues-Martins, A., M. Riparbelli, G. Callaini, D. M. Glover and M. Bettencourt-Dias
(2007Db). "Revisiting the Role of the Mother Centriole in Centriole Biogenesis." Science:
1142950.

Rogers, G. C., N. M. Rusan, D. M. Roberts, M. Peifer and S. L. Rogers (2009). "The SCF
Slimb ubiquitin ligase regulates PIk4/Sak levels to block centriole reduplication.” J Cell
Biol 184(2): 225-39.

Salisbury, J. L. (2008). "Breaking the ties that bind centriole numbers.” Nat Cell Biol
10(3): 255-7.

Santamaria, D., C. Barriere, A. Cerqueira, S. Hunt, C. Tardy, K. Newton, J. F. Caceres, P.
Dubus, M. Malumbres and M. Barbacid (2007). "Cdkl is sufficient to drive the
mammalian cell cycle." Nature 448(7155): 811-5.

Satir, P. and S. T. Christensen (2007). "Overview of structure and function of mammalian
cilia." Annu Rev Physiol 69: 377-400.

Satir, P. and S. T. Christensen (2008). "Structure and function of mammalian cilia."
Histochem Cell Biol 129(6): 687-93.

Saunders, W. (2005). "Centrosomal amplification and spindle multipolarity in cancer
cells." Semin Cancer Biol 15(1): 25-32.

Schaeffer, H. J. and M. J. Weber (1999). "Mitogen-activated protein Kinases: specific
messages from ubiquitous messengers." Mol Cell Biol 19(4): 2435-44.

Schmidt, T. 1., J. Kleylein-Sohn, J. Westendorf, M. Le Clech, S. B. Lavoie, Y. D. Stierhof
and E. A. Nigg (2009a). "Control of centriole length by CPAP and CP110." Curr Biol
19(12): 1005-11.

Schmidt, T. 1., J. Kleylein-Sohn, J. Westendorf, M. Le Clech, S. B. Lavoie, Y. D. Stierhof
and E. A. Nigg (2009b). "Control of Centriole Length by CPAP and CP110." Curr Biol.

Sillibourne, J. E., F. Tack, N. Vloemans, A. Boeckx, S. Thambirajah, P. Bonnet, F. C.
Ramaekers, M. Bornens and T. Grand-Perret (2009). "Autophosphorylation of PLK4 and
Its Role in Centriole Duplication.” Mol Biol Cell.

Sillibourne, J. E., F. Tack, N. Vloemans, A. Boeckx, S. Thambirajah, P. Bonnet, F. C.
Ramaekers, M. Bornens and T. Grand-Perret (2010). "Autophosphorylation of polo-like
kinase 4 and its role in centriole duplication." Mol Biol Cell 21(4): 547-61.

79



REFERENCES

Singla, V. and J. F. Reiter (2006). "The primary cilium as the cell's antenna: signaling at a
sensory organelle." Science 313(5787): 629-33.

Singla, V., M. Romaguera-Ros, J. M. Garcia-Verdugo and J. F. Reiter (2010). "Ofd1, a
human disease gene, regulates the length and distal structure of centrioles.” Dev Cell
18(3): 410-24.

Skowyra, D., K. L. Craig, M. Tyers, S. J. Elledge and J. W. Harper (1997). "F-box
proteins are receptors that recruit phosphorylated substrates to the SCF ubiquitin-ligase
complex.” Cell 91(2): 209-109.

Sluder, G. and J. J. Nordberg (2004). "The good, the bad and the ugly: the practical
consequences of centrosome amplification." Curr Opin Cell Biol 16(1): 49-54.

Sluder, G., E. A. Thompson, F. J. Miller, J. Hayes and C. L. Rieder (1997). "The
checkpoint control for anaphase onset does not monitor excess numbers of spindle poles
or bipolar spindle symmetry.” J Cell Sci 110 ( Pt 4): 421-9.

Sorokin, S. P. (1968). "Centriole formation and ciliogenesis." Aspen Emphysema Conf 11:
213-6.

Soung, N. K., J. E. Park, L. R. Yu, K. H. Lee, J. M. Lee, J. K. Bang, T. D. Veenstra, K.
Rhee and K. S. Lee (2009). "Plk1-dependent and -independent roles of an ODF2 splice
variant, hCenexinl, at the centrosome of somatic cells." Dev Cell 16(4): 539-50.

Stevens, N. R., J. Dobbelaere, K. Brunk, A. Franz and J. W. Raff (2010). "Drosophila
Ana2 is a conserved centriole duplication factor.” J Cell Biol 188(3): 313-23.

Strnad, P., S. Leidel, T. Vinogradova, U. Euteneuer, A. Khodjakov and P. Gonczy (2007).
"Regulated HsSAS-6 levels ensure formation of a single procentriole per centriole during
the centrosome duplication cycle.” Dev Cell 13(2): 203-13.

Szollosi, D., P. Calarco and R. P. Donahue (1972). "Absence of centrioles in the first and
second meiotic spindles of mouse oocytes." J Cell Sci 11(2): 521-41.

Tang, C. J., R. H. Fu, K. S. Wu, W. B. Hsu and T. K. Tang (2009). "CPAP is a cell-cycle
regulated protein that controls centriole length." Nat Cell Biol.

Tsou, M. F. and T. Stearns (2006a). "Controlling centrosome number: licenses and
blocks." Curr Opin Cell Biol 18(1): 74-8.

Tsou, M. F. and T. Stearns (2006b). "Mechanism limiting centrosome duplication to once
per cell cycle." Nature 442(7105): 947-51.

Tsou, M. F., W. J. Wang, K. A. George, K. Uryu, T. Stearns and P. V. Jallepalli (2009).
"Polo kinase and separase regulate the mitotic licensing of centriole duplication in human
cells.” Dev Cell 17(3): 344-54.

80



REFERENCES

Uetake, Y., J. Loncarek, J. J. Nordberg, C. N. English, S. La Terra, A. Khodjakov and G.
Sluder (2007). "Cell cycle progression and de novo centriole assembly after centrosomal
removal in untransformed human cells.” J Cell Biol 176(2): 173-82.

Valente, E. M., J. L. Silhavy, F. Brancati, G. Barrano, S. R. Krishnaswami, M. Castori, M.
A. Lancaster, E. Boltshauser, L. Boccone, L. Al-Gazali, E. Fazzi, S. Signorini, C. M.
Louie, E. Bellacchio, E. Bertini, B. Dallapiccola and J. G. Gleeson (2006). "Mutations in
CEP290, which encodes a centrosomal protein, cause pleiotropic forms of Joubert
syndrome.” Nat Genet 38(6): 623-5.

van Beneden, E. (1875-6). "Recherches sur les Dicyémides, survivant acuels d'un
embranchement des Mésozoaires.” Bull. Acad. R. Méd. Belg. 2m sér(41;42): 1160-
1205;35-97.

van Beneden, E. (1883). "echerches sur la maturation de L'oef, la “écondation et la
division cellulaire.” Arch. Biol.(4): 265-640.

Veland, I. R., A. Awan, L. B. Pedersen, B. K. Yoder and S. T. Christensen (2009).
"Primary cilia and signaling pathways in mammalian development, health and disease."”
Nephron Physiol 111(3): p39-53.

Vidwans, S. J., M. L. Wong and P. H. O'Farrell (2003). "Anomalous centriole
configurations are detected in Drosophila wing disc cells upon Cdk1 inactivation.”" J Cell
Sci 116(Pt 1): 137-43.

Vorobjev, 1. A. and S. Chentsov Yu (1982). "Centrioles in the cell cycle. I. Epithelial
cells." J Cell Biol 93(3): 938-49.

Wang, X., J. W. Tsai, J. H. Imai, W. N. Lian, R. B. Vallee and S. H. Shi (2009).
"Asymmetric centrosome inheritance maintains neural progenitors in the neocortex."”
Nature 461(7266): 947-55.

Watanabe, N., H. Arai, Y. Nishihara, M. Taniguchi, T. Hunter and H. Osada (2004). "M-
phase kinases induce phospho-dependent ubiquitination of somatic Weel by SCFbeta-
TrCP." Proc Natl Acad Sci U S A 101(13): 4419-24.

Winston, J. T., P. Strack, P. Beer-Romero, C. Y. Chu, S. J. Elledge and J. W. Harper
(1999). "The SCFbeta-TRCP-ubiquitin ligase complex associates specifically with
phosphorylated destruction motifs in IkappaBalpha and beta-catenin and stimulates
IkappaBalpha ubiquitination in vitro." Genes Dev 13(3): 270-83.

Woijcik, E. J., D. M. Glover and T. S. Hays (2000). "The SCF ubiquitin ligase protein
slimb regulates centrosome duplication in Drosophila.” Curr Biol 10(18): 1131-4.

Wong, C. and T. Stearns (2003). "Centrosome number is controlled by a centrosome-
intrinsic block to reduplication.” Nat Cell Biol 5(6): 539-44.

Yamashita, Y., S. Kajigaya, K. Yoshida, S. Ueno, J. Ota, K. Ohmine, M. Ueda, A.
Miyazato, K. Ohya, T. Kitamura, K. Ozawa and H. Mano (2001). "Sak serine-threonine
kinase acts as an effector of Tec tyrosine kinase." J Biol Chem 276(42): 39012-20.

81



REFERENCES

Yan, X., R. Habedanck and E. A. Nigg (2006). "A complex of two centrosomal proteins,
CAP350 and FOP, cooperates with EB1 in microtubule anchoring.” Mol Biol Cell 17(2):
634-44.

Yang, Z., J. Loncarek, A. Khodjakov and C. L. Rieder (2008). "Extra centrosomes and/or
chromosomes prolong mitosis in human cells.” Nat Cell Biol 10(6): 748-51.

Zheng, Y., M. L. Wong, B. Alberts and T. Mitchison (1995). "Nucleation of microtubule
assembly by a gamma-tubulin-containing ring complex." Nature 378(6557): 578-83.

82



PUBLICATIONS

9 PUBLICATIONS

Parts of this work were published in:

Gernot Guderian, Jens Westendorf, Andreas Uldschmid and Erich A. Nigg (2010) Plk4
trans-autophosphorylation regulates centriole number by controlling betaTrCP-mediated
degradation. J Cell Sci 1; 123(Pt 13): 2163-9.

83



CURRICULUM VITAE

10 CURRICULUM VITAE

Gernot Guderian

Born June 27", 1982 in Koblenz, Germany

July 2007 — August 2010

PhD thesis at the Max-Planck Institute of Biochemistry, Martinsried, Germany and the
Biocenter of the University Basel, Switzerland (Prof. Dr. E.A. Nigg) on the “Control of
Centriole Numbers by Plk4 Autophosphorylation and TrCP-mediated Degradation”

June 2006 — March 2007

Diploma Thesis at Julius-Maximilian University Wirzburg in the Department of
Biochemistry (Prof. Dr. U. Fischer) on the “ldentification and Characterization of Novel
Factors Involved in U snRNP Biogenesis”

October 2002 — March 2007

Diploma studies in Biology at the Julius-Maximilian University Wirzburg

September 2001 — October 2002

Military service in Horb a.N. and Veitshéchheim

June 2001

Abitur (German university entrance qualification) at the Welfengymnasium Schongau

84



ACKNOWLEDGEMENTS

11 ACKNOWLEDGEMENTS

First and foremost | would like to thank Erich Nigg for the opportunity to conduct my

PhD thesis in his laboratory, invaluable discussions and his guidance.

| would like to thank Anne Spang and Brian Hemmings for their contributions to this

project as members of my PhD Advisory Committee in Basel.

I would like to thank the Boehringer Ingelheim Fonds, especially Claudia Walther and
Monika Beutelspacher, for the financial and personal support during my PhD thesis.

Thank you to all past and present lab members who aided me in performing experiments,
discussing ideas or anything else | might have needed. In this regard, | would especially
like to mention Elena and Claudia for their experimental support, Alison and Zdenka for

their administrative support and Klaus and Roland for their technical support.

My gratitude goes out to those who have made the time in the lab memorable: First and
foremost, the centrosome crew: Jens, Thorsten and Ina, not only for the fruitful scientific
discussions but also for their friendship and unforgettable times. | especially thank Ina for
the fun time in and outside the lab. Thank you also to the Tri-Team Basel: Ina, Luca and
Manuel K. for their friendship in the lab, in the water, on the bike or on the street. Thank
you to Manuel B. and Alex for hoisting me up the climbing wall. Moreover, | would like
to thank Ina and Manuel B. for comments on this manuscript.

SchlieBlich mochte ich denjenigen danken die mich weit tber das Labor hinaus begleitet

und unterstitzt haben:
Nadja, dir danke ich fir unsere Freundschaft.

Meiner ganzen Familie, euch danke ich fur euren Zuspruch, die Ratschlage und die

uneingeschréankte Unterstitzung wahrend des Studiums und der Doktorarbeit.

Moni, dir danke ich fiir dein VVerstandnis, deine Geduld, deine Liebe — fir uns.

85



	folgeseite.pdf
	Namensnennung-Keine kommerzielle Nutzung-Keine Bearbeitung 2.5 Schweiz
	Sie dürfen:
	Zu den folgenden Bedingungen:





