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1. SUMMARY

!

SUMMARY!

Here, we have characterized human STIL (SCL/TAL1 interrupting locus), a distant
member of the Drosophila Ana2 and C. elegans SAS-5 family of centriole duplication
factors and a protein, which causes autosomal recessive primary microcephaly
(MCPH) when mutated in patients. We show that depletion of STIL from human cells
blocks centriole duplication, whereas overexpression of STIL triggers the nearsimultaneous formation of multiple daughter centrioles. A similar phenotype had
previously been observed for HsSAS-6 and the kinase Plk4, two key regulators of
centriole duplication that contribute to cartwheel assembly, a template for centriole
formation. In line with these results, we observed a prominent co-localization of STIL
and HsSAS-6 at the cartwheel region. Together with two independent studies (Tang
et al., 2011; Vulprecht et al., 2012), our work suggests that STIL cooperates with Plk4
and HsSAS-6 in cartwheel formation and thus represents a key centriole duplication
factor in human cells.
The observation that excess STIL triggers centriole amplification, a condition
that is associated with genome instability, prompted us to analyse the controls
governing STIL cell-cycle regulation in more detail. By fluorescence time-lapse
imaging, we revealed a two-step process that results in complete elimination of STIL
towards the end of mitosis. First, during nuclear envelope breakdown, Cdk1 triggers
the translocation of STIL from daughter centrioles into the cytoplasm. This event
might initiate cartwheel disassembly, as HsSAS-6, a major cartwheel component,
follows a similar trend. The bulk of cytoplasmic STIL is then degraded at the
metaphase to anaphase transition by the anaphase promoting complex/cyclosome
(APC/C), which involves a KEN box located at the C-terminus of STIL. Interestingly,
we found that truncations of STIL that cause MCPH in human patients delete this
KEN box, but preserve the overall function of STIL as a centriole duplication factor.
We readily confirmed that STIL MCPH truncations resist APC/C-mediated
degradation, and demonstrated that stabilization of mutant STIL is strong enough to
trigger centriole amplification in our cell culture model. Therefore, by analysing STIL
cell cycle regulation, we uncovered a provocative link to primary microcephaly. This
leads us to propose that centriole amplification, triggered by STIL stabilization, is the
underlying cause of MCPH in patients with STIL mutations.
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2.1 Centrosome Research – A Short Historical Overview
The centrosome has been discovered and described by cell biologists Edouard van
Beneden (van Beneden, 1876) and Theodor Boveri (Boveri, 1887) more than 100
years ago. Despite its important roles in cell physiology, our understanding of the
centrosome’s structure and function is only beginning to emerge. For a long time,
research on the centrosome has remained static due to technical limitations, mainly
posed by the small size and low copy number of this organelle. The introduction of
new methods in the late 20th century, such as usage of fluorescently labeled
antibodies in light microscopy, possibilities to deplete proteins by RNA interference or
the application of mass spectrometry to protein analysis have stimulated a new rise
in centrosome research.
Likewise, the discovery of frequent centrosomal anomalies in cancer (Lingle et
al., 2002; Nigg, 2002; Zyss and Gergely, 2009) and the realization that many
centrosomal proteins are involved in genetic disorders, such as ciliopathies
(Schwartz et al., 2011; Sharma et al., 2008), dwarfism (Klingseisen and Jackson,
2011) or brain disease (Thornton and Woods, 2009) (Figure 1), has steadily
increased the awareness on this organelle’s impact in human health and disease
(Bettencourt-Dias et al., 2011; Nigg, 2006; Nigg and Raff, 2009). The precise roles
that centrosomes play in the development of those disorders remains largely to be
understood. The elucidation of mechanisms and controls underlying centrosome
biogenesis and function will therefore undoubtedly lead to a better understanding and
treatment of centrosome-related diseases.
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2.2 Centrioles, Centrosomes, Cilia and Flagella
Centrioles are small cylinders made up of stabilized microtubules (MTs) (Figure 1A).
They are required for the formation of two different, yet related cellular organelles:
centrosomes and cilia/flagella. A pair of centrioles surrounded by a matrix of coiledcoil proteins is defined as the centrosome (Figure 1B). The matrix, called
pericentriolar material (PCM), contains factors that allow the nucleation and
anchorage of cytoplasmic MTs (Bornens, 2002; Gould and Borisy, 1977; Lüders and
Stearns, 2007). Therefore, the centrosome is the primary MT-organizing center
(MTOC) in animal cells (Bornens, 2012; Nigg and Stearns, 2011). Centrioles are core
centrosomal building blocks for several reasons. First, the PCM has been shown to
scatter within the cytoplasm upon centriole disassembly (Bobinnec et al., 1998a),
demonstrating that centrioles are important for centrosome stability. Second,
centrioles self-replicate and thereby duplicate the centrosome (Nigg and Stearns,
2011).
In quiescent cells, the oldest centriole can furthermore transform into a basal
body that associates with the plasma membrane and acts as a template to grow cilia
and flagella (Ishikawa and Marshall, 2011; Kim and Dynlacht, 2013), hair-like
membrane protrusions, generated by the outgrowth of MT bundles (also called
axonemes) (Figure 1C). These organelles can be motile or immotile (Kobayashi and
Takeda, 2012) and are important for movement of extracellular fluids or locomotion of
whole cells, such as sperm or protists. They can also act as cellular antennae in
chemo- and mechanosensation (Goetz and Anderson, 2010; Marshall and Nonaka,
2006).
Mutations in genuine centrosomal and ciliary components have been
associated with a large number of diseases (Bettencourt-Dias et al., 2011; Nigg and
Raff, 2009) (Figure 1D). Mutations in centrosomal proteins often cause defects in
brain development (microcephalies) (Thornton and Woods, 2009) or growth
retardation (dwarfism) (Klingseisen and Jackson, 2011) (Figure 1E), whereas
malfunction of cilia and flagella results in a large spectrum of disorders, collectively
termed ciliopathies (Figure 1F) (Marshall, 2008; Schwartz et al., 2011). Typical
phenotypes include polycystic kidneys, liver fibrosis, retinal degeneration, infertility or
obesity.
!
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(for figure legend, see next page)
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Figure 1: Centrioles, Centrosomes and Cilia in Health and Disease (A) Centrioles are
small MT cylinders. They can either associate with pericentriolar material (PCM) to form an
MTOC called centrosome (B) or transform into basal bodies to seed the growth of cilia and
flagella (C). Mutations in centrosomal and ciliary genes have been linked to numerous
pathogenic phenotypes in humans, affecting a wide range of tissues and organs (D).
Mutations in centrosomal genes often result in brain disease and primordial dwarfism (E),
whereas mutations in ciliary genes lead to a large spectrum of syndromes termed ciliopathies
(F).
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2.3 Centriole and Centrosome Structure
The canonical vertebrate centriole is a highly-ordered, MT-based cylindrical structure
that measures about 500 nm in length and is 250-300 nm wide (Azimzadeh and
Marshall, 2010) (Figure 2). Centrioles replicate by the outgrowth of new centrioles
(called pro- or daughter centrioles) perpendicular to the wall of preexisting centrioles
(called mother centrioles) (Azimzadeh and Bornens, 2007; Nigg and Stearns, 2011).
The part of the newly formed centriole, which lies closest to the preexisting centriole,
is defined as the proximal part, whereas the opposite end is defined as distal (Figure
2A). The duplication of centrioles involves a template called cartwheel structure. The
cartwheel consists of a central hub and nine emanating spokes with associated
pinheads that display a 9-fold radial symmetry (Gönczy, 2012; Guichard et al., 2012;
van Breugel et al., 2014). Attached to the cartwheel pinheads are nine MT triplets
that build the centriole wall. Therefore, the cartwheel is pivotal for establishing the
conserved 9-fold symmetric arrangement of mature centrioles (Figure 2A and B).
The first MTs to attach to the cartwheel pinheads, presumably nucleated by γtubulin ring complexes (γ-TuRCs) (Fuller et al., 1995), are the A-tubules, which are
conventional 13-protofilament MTs. Subsequently, B- and C-tubules assemble, which
are both incomplete MTs with less than 13 protofilaments (Dippell, 1968; Guichard et
al., 2010) (Figure 2B). In comparison to cytoplasmic MTs, centriolar MTs are cold
and detergent resistant. This high degree of stability is due to tubulin modifications,
such as polyglutamylation, which protect centriolar MTs from depolymerization
(Bobinnec et al., 1998a; 1998b). In vertebrates, the C- tubules are shorter in length,
therefore, the distal end of centrioles is composed of A and B tubules only (Figure
2A). Strong deviations from the vertebrate canonical centriole structure can be found
in some organisms, e.g. in C. elegans (Figure 2C). These centrioles are formed by
MT singlets instead of triplets and the assembly platform is a central tube, rather than
a cartwheel structure (Pelletier et al., 2006).
To become fully mature, each newborn centriole has to acquire distal and
subdistal appendage proteins in a process called centriole maturation (Nigg and
Stearns, 2011). Distal appendages, such as Cep164, Cep89, Cep83, SCLT1 or
!
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FBF1, enable basal bodies to dock to the plasma membrane (Tanos et al., 2013),
whereas subdistal appendages are needed for the

MT organizing capacity of

centrioles (Bornens, 2002; Piel et al., 2000). Thus, the older of the two centrioles
normally present in one centrosome has the competence to anchor cytoplasmic MTs
(Piel et al., 2000), which correlates with the presence of subdistal appendage
proteins, such as ninein, Cep170, ODF2 (also known as cenexin) or centriolin.

Figure 2: Centriole Structure (A and B) Centrioles are small cylinders formed by a 9-fold
symmetrical arrangement of MT triplets (called A, B and C tubules). Centrioles are polarized
along the proximo-distal axis. Mature centrioles carry distal and subdistal appendages
important for cilia formation and MT nucleation. Nascent centrioles contain a proximal
cartwheel structure that serves as a centriole assembly platform. (C) Centriole structure in
C. elegans is divergent and displays singlet instead of triplet MTs and a central tube, rather
than a cartwheel, as assembly platform.
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In proliferating cells, centrioles associate with PCM to form the centrosome
(Figure 3A). As MT organizers (Figure 3B), centrosomes are implicated in a variety of
MT-dependent processes (Bornens, 2012). MTs are nucleated and anchored either
directly at centrioles (via subdistal appendages) or via protein complexes that reside
within the PCM (Bornens, 2002). The main factor for MT nucleation at centrosomes is
γ-tubulin (Félix et al., 1994; Oakley et al., 1990; Oakley and Oakley, 1989; Stearns
and Kirschner, 1994). This tubulin variant forms, along with members of a conserved
protein family called gamma complex proteins (GCPs), γ-tubulin ring complexes (γTuRCs) (Moritz et al., 2000; 1995). These protein complexes allow the nucleation
and stabilization of MT minus ends (Stearns and Kirschner, 1994; Wiese and Zheng,
2000; Zheng et al., 1995) (Figure 3C). Therefore, MT minus ends are concentrated
around centrosomes, whereas MT plus ends are projecting outwards into the
cytoplasm (Figure 3B). The PCM is built from a large number of proteins, such as
pericentrin, CDK5RAP2/Cep215 or NEDD1/GCP-WD, many of which contain
extensive coiled-coil domains. Following its observation in electron and conventional
light microscopy, the PCM has been mainly described as an amorphous mass of
proteins. Recent studies, using superresolution light microscopy, however, have
revealed a higher order, concentric organization of individual PCM components (Fu
and Glover, 2012; Lawo et al., 2012; Mennella et al., 2012; Sonnen et al., 2012). A
mysterious and yet to be explored component of centrosomes are the centriolar
satellites, electron dense spherical granules of unknown function that appear around
centrosomes and move along MTs (Kubo et al., 1999).

!
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Figure 3: Structure of the Mammalian Centrosome (A) Centrosomes are a combination of
centrioles and PCM. One of the centrioles (the oldest one) carries appendages that allow it to
attach MTs or to initiate ciliogenesis. The PCM contains protein complexes (such as γTuRCs) that are important for MT nucleation. (B) Centrosomes, as the primary MTOCs of
animal cells, tether MT minus ends and thereby organize the MT network. This leads to a
polarization of the MT network (light green) with MT minus ends concentrating around the
centrosome and MT plus ends projecting outwards into the cytoplasm. Centrioles are shown
as black dots, PCM is depicted in grey (C) Model of a MT minus end that is capped by a γTuRC.
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2.4 Centriole and Centrosome Function
Centrioles, in their function as basal bodies nucleating cilia and flagella, are ancestral
structures that exist in all major eukaryotic taxa, ranging from uni- to multicellular
organisms (Carvalho-Santos et al., 2011; Marshall, 2009). The presence of centrioles
in any organism usually correlates with the need to form cilia and flagella (Azimzadeh
et al., 2012; Bornens and Azimzadeh, 2007), pointing to the important role of the
centriole in the formation and function of these organelles. The situation is different
when considering the function of centrioles as organizers of centrosomes.
Organisms, especially those that do not rely on cilia and flagella function, often have
evolved alternative, acentriolar MTOCs. Yeasts and other fungi, for example, rely on
so called spindle pole bodies (SPBs) to organize their MTs (Jaspersen and Winey,
2004). SPBs are multilayered, nuclear membrane-associated organelles. These
MTOCs do not contain centrioles, but both centrosomes and SPBs share
components that are important for MT nucleation, such as γ-tubulin (Horio et al.,
1991; Oakley et al., 1990; Stearns et al., 1991; Zheng et al., 1991) or XMAP215
(Stu2 in yeast) (Wang and Huffaker, 1997). Therefore, in contrast to the widely
distributed basal body, the centrosome is mainly restricted to animal cells and
centriole structure is probably evolutionarily linked to cilia and flagella, rather than
centrosome function.
Despite their limited phylogenetic distribution, centrosomes serve essential
functions in animal cells. As primary MTOCs, they orchestrate number, distribution
and length of MTs in a temporal and spatial manner (Lüders and Stearns, 2007)
(Figure 4). Thus, they are implicated in a variety of MT-dependent processes, with
mitotic spindle formation being the most prominent (Figure 5A, see also below).
Centrosomes also function in cell migration, intracellular transport or cell fate
determination (Figure 5B-D), and these processes are also dependent on the
centrosome’s MTOC function. For example, in migrating nerve cells, the centrosome
positions between the cell nucleus and the leading edge (Cooper, 2013). This
polarizes the MT network and allows for stabilization of the leading edge and
transport of membrane vesicles towards the site of movement (Figure 5B). Similarly,
!
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in cytotoxic T lymphocytes (CTLs) (Figure 4C), centrosome positioning concentrates
the transport of lytic granules to the site of target recognition, called immunological
synapse (Angus and Griffiths, 2013; Ritter et al., 2013) (Figure 5C). Centrosomes
furthermore play important roles in establishment of polarity axes, such as in the
C. elegans embryo. Upon fertilization, the sperm centrosome and its MT aster initiate
a symmetry breaking event that results in the redistribution of cortical polarity proteins
and thus allows asymmetric division of the one-cell embryo (Gönczy and Rose,
2005). Furthermore, many regulatory proteins, including kinases and phosphatases,
attach to centrosomes. On one hand, it is well established that the action of these
proteins lead to cell-cycle dependent changes in centrosome structure and function,
thereby affecting its MTOC function (Lüders and Stearns, 2007). On the other hand,
several studies suggest that this organelle also serves MT-independent functions,
probably providing a platform for the integration of diverse signaling pathways (Figure
5E). Indeed, there is increasing evidence which implicates the centrosome in
signaling related responses (for reviews, see Arquint et al., 2014; Doxsey et al.,
2005a; Rieder et al., 2001; Sluder, 2005). The centrosome might therefore act as a
hub that integrates and generates intracellular signals, which directly modulate cell
cycle progression, such as mitotic entry (Hachet et al., 2007; Portier et al., 2007) or
cytokinesis (Piel et al., 2001) (Figure 5F).
The most obvious function of centrosomes is the formation of a bipolar mitotic
spindle (Figure 4 and 5A) (Gadde and Heald, 2004). At the onset of mitosis, the two
centrosomes separate and accumulate PCM in a process called centrosome
maturation, which drastically enhances their MT nucleation activity in prophase (see
also chapter 2.5.3). From the two spindle poles, the centrosomes then organize a
bipolar MT array that connects to the kinetochore regions of chromosomes. Astral
MTs radiate from each spindle pole and associate with the cell cortex to aid in spindle
orientation (Kotak and Gönczy, 2013), a process which is important for asymmetric
cell division and maintenance of tissue architecture (Siller and Doe, 2009) (Figure
5A). Abnormal mitotic spindles, caused by numerical or structural centrosome
aberrations, are a characteristic of many cancer cells and likely contribute to genomic
instability, which is a hallmark of cancer progression (Lingle et al., 2002; 2005; Nigg,
2002; Zyss and Gergely, 2009).
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Figure 4: The Centrosome Functions as MTOC in Animal Cells Immunofluorescence
micrographs depicting the MT network (green) and centrosomes (red) in U2OS cells of
different cell cycle stages. Centrosomes are stained in red and surrounded by white boxes,
DNA is shown in blue. Scale bar denotes: 5 μm.
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Even though cellular rescue mechanisms, such as the clustering of extra
centrosomes to spindle poles (Kwon et al., 2008; Quintyne, 2005; Ring et al., 1982)
or inactivation of supernumerary centrosomes (Basto et al., 2008), allow for bipolar
cell division in such a context, the error rate for segregation of chromosomes are
likely to be higher (Ganem et al., 2009; Silkworth et al., 2009). It remains therefore
attractive to postulate that centrosome aberrations are cause and not simply
consequence of tumorigenesis (Nigg, 2006; Nigg and Raff, 2009; Zyss and Gergely,
2009), even though a direct link, already proposed by Theodor Boveri 100 years ago
(Boveri, 1914), has not yet been provided.
Despite the central role that centrosomes play in spindle formation, it is
obvious that bipolar spindles can form in the complete absence of centrosomes, such
as in the mouse oocyte (Szollosi et al., 1972) or in planarians (Azimzadeh et al.,
2012). Furthermore, bipolar spindles were shown to assemble in vitro without the
help of centrosomes (Heald et al., 1996) and removal of centrosomes by
microsurgery or laser ablation did not interfere with mitotic progression of vertebrate
cells (Hinchcliffe et al., 2001; Khodjakov and Rieder, 2001; Uetake et al., 2007). In
support of all these observations, Drosophila mutant embryos which lack centrioles
due to genetic removal of the centriole duplication factor DSAS-4 developed into
morphologically normal adult flies (Basto et al., 2006). Only asymmetric divisions of
neuroblasts were abnormal, suggesting important functions of centrosomes in this,
but not other types of divisions (reviewed in Yamashita and Fuller, 2008). However,
these flies do possess centrosomes in very early embryonic stages, and it is those
first zygotic divisions that the centrosome seems to be essential for in both
Drosophila (Stevens et al., 2007) and C. elegans development (Pelletier et al., 2005).
Furthermore, centrosomes seem to be more essential for vertebrate development, as
exemplified by mice lacking the centriole duplication factor Plk4 (Hudson et al.,
2001), as well as by chicken cells from which essential centrosomal proteins have
been genetically deleted (Sir et al., 2013).
But how do acentriolar cells manage to form a bipolar mitotic spindle? These cells
manage to divide due to the existence of an alternative pathway for spindle
formation, in which a RanGTP gradient around chromosomes plays a central role
(Gruss and Vernos, 2004; O'Connell and Khodjakov, 2007; Wadsworth and
Khodjakov, 2003). This pathway allows for MT nucleation at chromosomes, and MTs
!
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are subsequently focused into a bipolar array by help of minus-end directed motor
proteins, resulting in the formation of an acentriolar spindle.

Figure 5: Function of Centrosomes in Animal Cells Centrosomes serve a multitude of
cellular functions. (A) In mitosis, the two centrosomes organize the mitotic spindle array by
forming the spindle poles. Astral MTs that radiate from centrosomes interact with the cell
cortex to allow for precise spindle orientation. (B) In migrating cells, the centrosome
positions between the nucleus and the leading edge and acts as a stabilizer for cell movement,
thereby also providing vesicles to the site of migration. (C) In CTLs, the centrosome positions
near the immunological synapse, which allows for intracellular transportation of lytic granules
to the site of target recognition. (D) In the C. elegans one-cell embryo, the sperm centrosome
and its astral MTs are initiating a symmetry-breaking event that enables redistribution of
cortical polarity proteins and asymmetric cell division. (E) Centrosomes also function as
signaling hubs that allow for integration of different signaling responses and release of
diffusible signals (yellow gradient). (F) As signaling centers, centrosomes might directly have
an influence on cellular processes. For example, centrosomes have been shown to play a role
in cytokinesis.

!
16!

INTRODUCTION!

2.5 Centriole and Centrosome Regulation

Numerous events act on centrosomes to modulate centrosome/centriole structure or
function during cell cycle progression (Nigg and Stearns, 2011). Those events can be
divided into several discrete steps, known as the centrosome cycle (Figure 6A).

2.5.1 Centrosome Duplication
A G1-phase centrosome contains two centrioles that are linked to each other via
flexible protein fibers. One of the two centrioles (the older) contains appendages that
allow it to dock to the plasma membrane for formation of a primary cilia in quiescent
cells (Tanos et al., 2013). When cells proliferate, cilia retract and the centrosome
duplicates at the G1/S-phase transition. The centrosome is duplicated by duplication
of its centrioles (Figure 6B). Centriole duplication is the outgrowth of new centrioles
(so called pro- or daughter centrioles) at the proximal base of pre-existing (or mother)
centrioles (Azimzadeh and Bornens, 2007; Strnad and Gönczy, 2008) (Figure 5B).
Centriole growth involves the formation of a template structure, which in vertebrate
and most other species resembles a cartwheel (except for C. elegans, where the
template is a central tube) (Gönczy, 2012; Pelletier et al., 2006). Centriole duplication
requires a set of evolutionarily conserved proteins that have first been identified by
RNAi screens in C. elegans (Leidel and Gönczy, 2005). Related and additional
duplication factors have subsequently been identified in both Drosophila and humans
(Balestra et al., 2013; Dobbelaere et al., 2008; Kleylein-Sohn et al., 2007),
suggesting strong conservation of the centriole duplication pathway. A more detailed
description of the molecular players involved in centriole duplication can be found in
chapter 2.6. After template formation, centrioles start to grow by deposition of MTs
onto the template structure. The newly assembled procentrioles elongate throughout
G2 phase and remain tightly associated with their parental centrioles until the end of
the next mitosis (see also chapter 2.5.4).

!
17!

INTRODUCTION!

2.5.2 Centrosome Cohesion and Separation
The two parental centrioles are connected via a flexible protein linker (Bornens et al.,
1987) to form a single MTOC throughout interphase. The linker consists of C-Nap1
and rootletin fibers (Bahe et al., 2005; Fry et al., 1998; Mayor et al., 2000), but also
Cep68, Cdk5rap2/Cep215 (Graser et al., 2007) and β-catenin (Bahmanyar et al.,
2008) have been implicated in cohesion. At the G2/M transition, the linker is resolved
via protein phosphorylation, mainly triggered by the protein kinase Nek2 that
phosphorylates C-Nap1 (Faragher and Fry, 2003; Fry et al., 1998), rootletin (Bahe et
al., 2005) and possibly other substrates (Bahmanyar et al., 2008) (Figure 6C). This
process is counteracted by protein phosphatase 1 (PP1) (Helps et al., 2000), which is
inactivated at the onset of mitosis to allow centrosome separation. In addition,
localized Nek2 activity has recently been shown to be regulated by components of
the Hippo pathway (Mardin and Schiebel, 2012; Mardin et al., 2010). The separated
centrosomes are moved apart by the action of MT-dependent motor proteins, such as
the mitotic kinesin Eg5 (Bertran et al., 2011; Blangy et al., 1995; Smith et al., 2011),
which allows the centrosomes to participate in mitotic spindle formation.

2.5.3 Centrosome Maturation
The MTOC activity of centrosomes oscillates throughout the cell cycle, reaching its
highest levels in mitosis, when centrosomes expand their PCM. This process, called
centrosome maturation, is triggered via activities of the mitotic kinases Plk1 (Conduit
et al., 2014; Lane and Nigg, 1996; Lee and Rhee, 2011; Sunkel and Glover, 1988)
and Aurora A (Berdnik and Knoblich, 2002; Hannak et al., 2001) at the G2/M phase
transition (Figure 6D). Maturation not only acts on PCM structure, but also leads to
modification of parental and nascent centrioles. Parental centrioles acquire distal and
subdistal appendage proteins (Lange and Gull, 1995; Nakagawa et al., 2001), which
allows them to anchor cytoplasmic MTs (Bornens, 2002; Piel et al., 2000) or to
initiate ciliogenesis (Tanos et al., 2013). Centrioles that have been generated in the
same cell cycle (nascent centrioles) have no inherent replication and PCM
organisation potentials. Therefore, Plk1-dependent modification at the G2/M phase
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transition enables them to replicate and to recruit PCM in the following cell cycle
(Wang et al., 2011).

2.5.4 Centriole Disengagement
Centriole disengagement is defined as the loss of the tight orthogonal orientation
between the daughter-mother centriole pair (Kuriyama and Borisy, 1981). This
process is a prerequisite for another round of centriole duplication (licensing), as the
attachment of a newborn centriole to a parental one serves as a block for
reduplication, ensuring that one and only one centriole gets formed each cell cycle
(Tsou and Stearns, 2006a; Wong and Stearns, 2003), for reviews see Nigg, 2007;
Tsou and Stearns, 2006b). However, there are notable exceptions leading to failure
in the coordination between cell and centriole duplication cycle, which potentially
results in the generation of supernumerary centrosomes (Brownlee and Rogers,
2013; Lingle et al., 2005). First, the block can be overridden by overexpression of
certain centriole duplication factors, such as Plk4 (Habedanck et al., 2005; KleyleinSohn et al., 2007) and HsSAS-6 (Strnad et al., 2007), which trigger the nearsimultaneous formation of several daughter centrioles per mother centriole. Second,
some transformed cells can undergo repeated rounds of centriole duplication
(including maturation and disengagement of newborn centrioles) when arrested for
an extended timespan in interphase (Balczon et al., 1995; Inanc et al., 2010;
Loncarek et al., 2010; Wong and Stearns, 2003).
Centriole disengagement requires separase and Plk1 activities (Thein et al.,
2007; Tsou and Stearns, 2006a; Tsou et al., 2009) (Figure 5E). Separase is a wellknown protease which cleaves cohesin rings that hold sister-chromatids together,
and therefore activation of separase (by the APC/C-mediated degradation of its
partner securin) marks the timepoint for chromosome segregation (Uhlmann, 2003).
The substrate for separase at centrosomes has been elusive for a long time, but
increasing evidence suggests that separase might indeed cleave cohesin rings at
centrosomes (Nakamura et al., 2009; Schöckel et al., 2011). By using the same
molecular „glue“ for centriole and chromosome cohesion, this model therefore
provides intriguing provocative explanation for how the centrosome and chromosome
cycles might be coupled. In addition, the PCM component kendrin has been identified
as an attractive separase substrate (Matsuo et al., 2012).
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Figure 6: The Centrosome Cycle (A) Illustration of the mammalian centrosome cycle,
depicting the processes of centriole duplication (B), centrosome separation (C), centrosome
maturation (D) and centriole disengagement (E). For a more detailed explanations, see text.
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2.6 Centriole Biogenesis
2.6.1 RNAi Screens in C. elegans Reveal a Small Set of Centriole Duplication
Factors
Many of the genes that play important roles in cell division processes were identified
by genetic screens in C. elegans embryos (Fraser et al., 2000; Gonczy et al., 2000;
O'Connell et al., 1998; Sönnichsen et al., 2005; Zipperlen et al., 2001). Of those, only
five gene products (Figure 7) have been described to be essential for centriole
duplication (reviewed in Leidel and Gönczy, 2005). Subsequent functional analysis
has led to an understanding of how these proteins, called centriole duplication
factors, cooperate to form a new centriole (Dammermann et al., 2004; Delattre et al.,
2006; Pelletier et al., 2006).
Centriole duplication factors are consecutively recruited to the site of centriole
formation and gradually incorporate into the growing procentriole (Delattre et al.,
2006; Pelletier et al., 2006). Most upstream in the pathway acts SPD-2, a protein
which plays dual roles in centriole as well as PCM formation (Kemp et al., 2004;
Pelletier et al., 2004). SPD-2 is required for localization of the four other proteins
(Delattre et al., 2006; Pelletier et al., 2006). Next in the hierarchy is ZYG-1, a kinase
that can not be placed into one of the known kinase subfamilies (O'Connell et al.,
2001). ZYG-1 triggers the recruitment of a complex of two coiled-coil proteins, named
SAS-6 and SAS-5 (Dammermann et al., 2004; Delattre et al., 2006; 2004; Leidel et
al., 2005; Pelletier et al., 2006; Qiao et al., 2012). Localization of this complex to the
site of centriole assembly coincides with the formation of the central tube (orange
tube in Figure 7), a scaffold for the formation of a new centriole (Pelletier et al.,
2006). SAS-4 assists in the deposition of singlet MTs onto the central tube, which
completes the process (Dammermann et al., 2008; Delattre et al., 2006; Kirkham et
al., 2003; Leidel and Gönczy, 2003; Pelletier et al., 2006).
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Figure 7 : Centriole Duplication Pathway in C. elegans Upstream in the pathway operates
SPD-2, which recruits the kinase ZYG-1 to the site of procentriole formation. ZYG-1 triggers
the recruitment of SAS-6 and SAS-5, a complex of two structural proteins that form the
central tube. The central tube is a template onto which singlet MTs are deposited in a SAS-4
dependent manner.
2.6.2 The Centriole Duplication Machinery is Conserved from Worm to Man
All of the five C. elegans centriole duplication factors have been conserved in
Drosophila, humans and many other organisms, suggesting that centriole duplication
is a highly conserved process (Figure 8). However, the degree of conservation varies
amongst the different components.
A key conserved centriole duplication factor is SAS-6, indicating that this
protein is essential for the construction of any new centriole (Dammermann et al.,
2004; Leidel et al., 2005; Rodrigues-Martins et al., 2007b). Indeed, SAS-6 is a major
component of the cartwheel which establishes the 9-fold symmetry of centrioles
(Gopalakrishnan et al., 2010; Nakazawa et al., 2007; Rodrigues-Martins et al.,
2007b). In unprecedented detail, recent structural studies have shown that SAS-6
can self-assemble into ring-shaped oligomers in vitro that resemble cartwheel
structures in vivo (Guichard et al., 2013; Kitagawa et al., 2011b; van Breugel et al.,
2014; 2011). In contrast, C. elegans SAS-6 assembles into a spiral arrangement,
which might explain the formation of a central tube (instead of a cartwheel) in this
species (Hilbert et al., 2013). In summary, SAS-6 seems to be a universal component
of the scaffold that precedes centriole formation (Figure 9).
Another well conserved component of the centriole duplication machinery is
SAS-4 (Dammermann et al., 2008; Kirkham et al., 2003), which in vertebrates is
known as CPAP (or CENP-J) (Hung et al., 2000). Several studies have implicated
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CPAP in positive regulation of centriole length, as CPAP overexpression results in
overly long centrioles (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009).
In addition, two recent studies have uncovered a cooperation between Cep120,
SPICE1 and CPAP in centriole elongation (Comartin et al., 2013; Lin et al., 2013a).
Therefore, the function of C. elegans SAS-4, which is the organization of centriolar
MTs around the central tube, seems to be conserved in mammals. In Drosophila,
SAS-4 has furthermore been implicated in tethering of PCM complexes to the
centrosome (Gopalakrishnan et al., 2012; 2011; Zheng et al., 2014).
Although they are related on an amino acid sequence level, some duplication
factors changed functions in some organisms. This is the case for SPD-2, which in
C. elegans is required for centriole duplication and PCM maturation (Kemp et al.,
2004; Pelletier et al., 2004), but in Drosophila only the function in PCM recruitment
has been conserved (Dix and Raff, 2007; Giansanti et al., 2008). However, the SPD2 homolog in vertebrates, called Cep192, has been implicated in both centrosome
maturation (Gomez-Ferreria et al., 2007; Joukov et al., 2010; Zhu et al., 2008) and
centriole duplication (Kim et al., 2013; Sonnen et al., 2013; Zhu et al., 2008).
On the other extreme, the kinase ZYG-1 is not well conserved at the amino
acid sequence level (O'Connell et al., 2001), but this kinase has been functionally
replaced in Drosophila (Bettencourt-Dias et al., 2005) and human cells (Habedanck
et al., 2005) by Plk4 (SAK), a member of the family of polo-like kinases (Plks).
Intriguingly, ZYG-1 and Plk4 also seem to share similar mechanisms of regulation, as
both kinases are targeted for proteasomal degradation by the SCF βTrCP (Slimb in
Drosophila; LIN-23 in C. elegans) (Cunha-Ferreira et al., 2009; Guderian et al., 2010;
Holland et al., 2012; 2010; Peel et al., 2012; Rogers et al., 2009).
Poorly conserved is also the duplication factor SAS-5. This protein has not
been assigned any homologs outside of nematodes, because obvious candidates
were lacking. A recent study then suggested that Ana2, which is required for centriole
duplication in Drosophila, might be the SAS-5 homolog in flies (Stevens et al.,
2010a). Based on sequence alignments, the same study suggested that a protein
called STIL might be the long-sought-after SAS-5 homolog in vertebrates (Stevens et
al., 2010a) (see also chapter 2.8). Similar to SAS-5, which cooperates with SAS-6 in
central tube formation (Pelletier et al., 2006), both Ana2 and STIL were therefore
predicted to participate in cartwheel assembly. In line with these predictions, Ana2
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localizes specifically to daughter centrioles (Stevens et al., 2010a) and co-expression
of Ana2 and DSAS-6 resulted in assembly of extended tubules that bear striking
resemblance to the inner cartwheel structure (Stevens et al., 2010b). However,
sequence conservation between Ana2/SAS-5 and vertebrate STIL is very low and
restricted to a small sequence stretch named STAN (STIL/Ana2) motif, leaving
doubts as to whether these functions were truly conserved. Therefore, it was
important to characterize STIL in regard to centriole biogenesis in human cells (see
results and discussion sections).

Figure 8 : A Comprehensive List of Centriole Duplication Factors. Proteins that play
essential roles in centriole duplication in C. elegans, D. melanogaster and H. sapiens are
listed. Duplication factors that are conserved in all three organisms are marked in red.
Additional duplication factors in D. melanogaster or H. sapiens are marked in blue. Proteins
marked with * are not required for centriole duplication in all species, whereas for proteins
marked with +, controversial data were reported. For more information on the role of
individual duplication factors, see text.
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2.6.3 Additional Centriole Duplication Factors in Drosophila, Human
Cells and Other Organisms
Besides the five duplication factors described in C. elegans, additional proteins
required for centriole formation have been identified by genomic screens in human
cells (Balestra et al., 2013; Kleylein-Sohn et al., 2007) or Drosophila (Dobbelaere et
al., 2008; Goshima et al., 2007) (Figure 8). Also, large proteomic studies have been
performed to identify novel centrosome (Andersen et al., 2003; Jakobsen et al., 2011)
or basal body components (Keller et al., 2009; 2005; Kilburn et al., 2007), some of
which were also shown to be essential for centriole formation.
Not conserved in C. elegans, but crucial for centriole biogenesis in other
organisms, is for example the protein Cep135. Its homolog Bld10p in the green algae
Chlamydomonas reinhardtii has long been implicated in cartwheel formation (Hiraki
et al., 2007; Matsuura et al., 2004). Bld10p localizes to the cartwheel tip region (also
called pinheads), where it connects the cartwheel spokes to centriolar MTs. Similar
conclusions have been reached for Bl10p in Paramecium tetraurelia, a ciliate (JerkaDziadosz et al., 2010). In agreement with this work from lower eukaryotes, Cep135 is
required for centriole duplication in mammalian cells (Kleylein-Sohn et al., 2007; Ohta
et al., 2002), where it binds to HsSAS-6 and CPAP (Lin et al., 2013b). However,
despite the central role Cep135/Bld10 plays in centriole formation, Bld10 in
Drosophila seems to be dispensable for cartwheel assembly and hence centriole
duplication (Carvalho-Santos et al., 2012; Mottier-Pavie and Megraw, 2009; Roque et
al., 2012).
Similarly, it has been suggested that γ-tubulin might function in early steps of
centriole formation by providing a template for the outgrowth of centriolar MT triplets
(Fuller et al., 1995). Indeed, γ-tubulin like structures capping the proximal part of AMTs were detected when analyzing purified human centrioles by cryo-electron
tomography (Guichard et al., 2010).
Another module for centriole duplication that has been subject to large
evolutionary changes concerns the upstream factors that recruit the kinase, ZYG-1 in
C. elegans or Plk4 in other systems, to the site where a new centriole starts to grow.
In C. elegans, ZYG-1 is recruited via SPD-2 (Delattre et al., 2006; Pelletier et al.,
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2006). In Drosophila and H. sapiens, however, an additional duplication factor, called
Cep152 (asterless in Drosophila), plays an important role in recruitment of Plk4
(Cizmecioglu et al., 2010; Dzhindzhev et al., 2010; Hatch et al., 2010). In human
cells, it has been shown that Cep152 functions in cooperation with the vertebrate
SPD-2 homolog, called Cep192 (Kim et al., 2013; Sonnen et al., 2013) and a protein
called Cep63 (Brown et al., 2013; Sir et al., 2011), in recruitment of Plk4. However,
whether Cep192 is required for centriole duplication or not remains controversial
(Gomez-Ferreria et al., 2007; Zhu et al., 2008).
Centrins are a family of core centriolar proteins that have also been implicated
in centriole duplication. The homolog of Centrin-2 in yeast (cdc31p) is clearly required
for SPB duplication (Schiebel and Bornens, 1995), and centrin homologs in ciliates
play essential roles in basal body formation (Ruiz et al., 2005; Stemm-Wolf et al.,
2005). However, whether centrin-2 is required for centriole formation in vertebrates
(Salisbury et al., 2002), probably in cooperation with Sfi1 (Kilmartin, 2003)

and

hPOC5 (Azimzadeh et al., 2009), is controversial (Kleylein-Sohn et al., 2007). In fact,
genetic deletion of centrins from chicken DT40 cells demonstrates that normal
centrosomes can form in the absence of all centrins, at least in this vertebrate
species and cell type (Dantas et al., 2011).
Centrobin is a daughter centriole specific protein that has been attributed a
function in centriole duplication and centriole elongation in human cells (Gudi et al.,
2011; Zou et al., 2005). In Drosophila, its function in centriole duplication seems not
to be conserved (Januschke et al., 2013). However, it has adopted an important role
in control of asymmetric centrosome distribution during neuroprogenitor cell divisions.
In short, neuroprogenitor cells divide in asymmetric fashion, giving rise to one
daughter cell with stem cell character and one cell that will differentiate into a neuron.
Interestingly, the stem cell always retains the daughter centrosome (Januschke et al.,
2011), a process which requires centrobin at the daughter centrosome, relies on
Plk1-mediated centrosome maturation (Januschke et al., 2013) and is counteracted
by pericentrin-like protein (PLP) at the mother centrosome (Lerit and Rusan, 2013).
Finally, the tip of centrioles in vertebrates and flies is decorated by a protein
called CP110. In vertebrates, this protein has been implicated in the control of
centriole duplication (probably in cooperation with Cep67) (Chen et al., 2002;
Kleylein-Sohn et al., 2007; Tsang et al., 2009), centriole elongation (Schmidt et al.,
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2009) and the inhibition of cilia formation (Schmidt et al., 2009; Spektor et al., 2006;
Tsang et al., 2008). In contrast to CPAP, which regulates centriole length in a positive
manner (Comartin et al., 2013; Kohlmaier et al., 2009; Lin et al., 2013a; Schmidt et
al., 2009; Tang et al., 2009), CP110 seems to restrict the length of newly formed
centrioles. Therefore, removal of CP110 from cells leads to overly long centrioles
(Schmidt et al., 2009). In line with a repressive function in centriole elongation,
CP110, probably in cooperation with Cep97, Cep290, Kif24 and Talpid3, has an
inhibitory effect on primary cilium formation (Spektor et al., 2006; Tsang et al., 2008),
which requires basal bodies to grow out MTs in order to form an axoneme.
Conversely, in Drosophila, removal of CP110 does not abrogate centriole duplication,
but also influences centriole length control (Delgehyr et al., 2012; Franz et al., 2013).
Similar to CP110, a role in centriole duplication, centriole elongation and ciliogenesis
has been identified for Poc1 in diverse organisms (Blachon et al., 2009; Fourrage et
al., 2010; Keller et al., 2009; Pearson et al., 2009; Venoux et al., 2013).
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Figure 9 : SAS-6 Oligomerization Dictates the 9-fold Symmetry of Centrioles (A) SAS-6
forms homodimers through dimerization of its C-terminal coiled-coil domain. The N-terminus
of SAS-6 adopts a globular fold (N). (B) SAS-6 homodimers interact through their N-terminal
globular domains and form the cartwheel central hub, while their coiled-coil domains project
outwards to form the spokes. (C) Cross-section through the mammalian procentriole
proximal region. The cartwheel, which is formed by nine SAS-6 homodimers, is depicted in
red, centriolar MTs are shown in green. (D) Cryo-electron tomography 3D map of the
proximal centriole region from Trichonympha. The cartwheel is colored in light blue, the
pinheads that connect to the centriolar MT triplets (purple) are shown in dark blue. The A-C
linkers that connect the A and C MTs are colored in green. Scale bar represents 20 nm. Part D
of this figure has been adapted from (Guichard et al., 2013).
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2.6.4 Regulation of Centriole Duplication

2.6.4.1 Two Modes of Centriole Duplication
Two main pathways exist to build a new centriole, canonical centriole duplication and
de novo centriole formation. Whereas canonical centriole duplication relies on a
preexisting centriole (probably providing a structural platform) to form a new centriole,
de novo centriole duplication can take place in the absence of any centrioles.
Overexpression of certain centriole duplication factors can trigger centriole de
novo formation in unfertilized Drosophila eggs (Peel et al., 2007; Rodrigues-Martins
et al., 2007a).

De novo centriole formation can also be observed in vertebrate

cycling cells, but only if pre-existing centrioles were experimentally removed
(Khodjakov et al., 2002; Rodrigues-Martins et al., 2007a). This suggests that the
presence of centrioles in cells somehow inhibits de novo centriole formation under
normal conditions, but how this is achieved remains unknown.
In specialized cell types and under certain developmental contexts, de novo
centriole formation can occur on a natural basis. For example, de novo centriole
formation can be observed in early mouse development. The mouse sperm does not,
as is common in many other organisms, contribute a centriole to form a centrosome
in the emerging zygote. Centrioles and centrosomes therefore arise at later
developmental stages de novo (Szollosi et al., 1972). A similar phenomenon can also
be observed in terminally differentiated, multiciliated epithelial cells. These cells
assemble hundreds of motile cilia at their plasma membrane and therefore have to
undergo massive centriole amplification de novo, as canonical centriole duplication
might not be efficient enough to meet such high demands. This involves a structure
called deuterosome, an amorphous proteinaceous structure at which centrioles
assemble (Song et al., 2008).
Although disparate, the two modes of centriole duplication basically use the
same proteins to form centrioles, and therefore represent variations of the same
mechanism, rather than distinct pathways. So far, a difference that has been clearly
revealed concerns the upstream duplication factors called Cep63 and Deup1.
Whereas Cep63 is used in canonical centriole biogenesis to recruit Cep152 and Plk4
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to mother centrioles, deuterosomes are decorated with Deup1, a Cep63 paralog,
which recruits the same duplication factors for de novo centriole formation (Zhao et
al., 2013). In addition, a protein named CCDC78 has been identified to be essential
for centriole amplification in mulitciliated cells (Klos Dehring et al., 2013).

2.6.4.2 Cell Cycle Cues that Regulate Centriole Duplication
Much has been learned about the structural components that are directly involved
into the assembly of centrioles (see chapter 2.6.1-2.6.3). Surprisingly little is known,
however, about the extrinsic cell cycle cues that control when and where a centriole
starts to grow, and how cells coordinate centriole duplication with other prominent
cell cycle events, such as DNA replication. A key factor in the temporal regulation of
centriole duplication is the kinase Cdk2 in conjunction with either cyclins E or A, as
has been demonstrated in Xenopus (Hinchcliffe et al., 1999; Lacey et al., 1999) and
somatic mammalian cells (Matsumoto et al., 1999; Meraldi et al., 1999). In addition,
E2F transcription factors have also been associated with timely initiation of centriole
duplication (Meraldi et al., 1999). Both Cdk2 and E2F are is also involved in initiation
of DNA replication and thus might elegantly coordinate centrosome duplication with
DNA replication.
Centrosomal substrates of Cdk2 might be CP110 (Chen et al., 2002) or
nucleophosmin (Okuda et al., 2000), both playing distinct roles in centriole
duplication. Other kinases, that are potentially involved in centriole duplication
include MPS1 (Fisk and Winey, 2001), Plk1 (Liu and Erikson, 2002) and Plk2 (Chang
et al., 2010; Cizmecioglu et al., 2012; Warnke et al., 2004).

2.6.4.3. Regulation of Centriole Numbers by Proteasomal Degradation
Precise regulation of centriole duplication ensures genome stability, as extra
centrioles are likely to trigger multipolar spindle formation which brings along
chromosome missegregation and aneuploidy. Centriole duplication therefore is a
tightly regulated process and several mechanisms exist to restrict centriole numbers
in proliferating cells. One important aspect in the control of centriole numbers is the
utilization of proteasomal degradation to keep levels of individual centriole duplication
factors, many of which cause massive centriole amplification, at low levels.
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For example, Plk4 harbors a DSG motif that is required for its degradation by
the multi-protein E3 ubiquitin ligase complex SCF βTrCP. Interestingly, Plk4 kinase
activity is required for its own degradation, as the protein, which exists as a dimer,
autophosphorylates itself in trans and thereby primes its own degradation (CunhaFerreira et al., 2009; 2013; Guderian et al., 2010; Holland et al., 2010; Klebba et al.,
2013; Rogers et al., 2009). This mechanism prevents Plk4 activity to rise above a
certain threshold level which could trigger the formation of more than one procentriole
per pre-existing centriole. Nevertheless, Plk4 activity rises towards mitosis and this
might be accomplished by phosphatase activities, as shown in Drosophila, where the
protein phosphatase PP2A counteracts Plk4 autophosphorylation at this cell cycle
stage (Brownlee et al., 2011). Furthermore, one study has linked Plk4 to control of
HsSAS-6 proteasomal degradation. HsSAS-6 is a target of the SCF FBXW5, an E3
ubiquitin ligase which is inhibited by Plk4 phosphorylation. Plk4 might therefore, via
inhibition of SCF FBXW5, stabilize HsSAS-6 levels at the G1/S phase transition
(Puklowski et al., 2011).
In addition, both SAS-6 and CPAP have been implicated in APC/C-mediated
degradation (Strnad et al., 2007; Tang et al., 2009). Complete degradation of SAS-6
and CPAP might serve to reset components of the centriole duplication machinery at
the onset of each new cell cycle transition. Furthermore, the levels of the duplication
factor CP110 are also subject to proteasomal degradation. CP110 is controlled by the
SCF CyclinF (D’Angiolella et al., 2010), which is antagonized by USP33, an enzyme
that specifically deubiquitinates and protects CP110 from degradation (Li et al.,
2013).

!
31!

INTRODUCTION!

2.7 Centrosomes in Brain Disease and Primordial Dwarfism
Improvements in DNA sequencing methods have led to the rapid identification of
genes that are associated with rare genetic disorders. Of special interest in regard to
centrosomes is a disease called autosomal recessive primary microcephaly (MCPH).
Out of 12 gene products that have been associated with MCPH, 9 are localizing to
centrosomes (see table 1) (Kaindl et al., 2010; Pagon et al., 1993; Thornton and
Woods, 2009). MCPH is a neurodevelopmental disorder that interferes with human
fetal brain growth. This results in smaller than usual brains at birth and mental
retardation, but the brain architecture is normal. The disease is caused by a deficit in
neuron production. In developing brains, neurons are generated by asymmetric
divisions of the neuroprogenitor pool. The progenitors first expand by symmetric
divisions, which require the mitotic spindle to be oriented in parallel to the ventricular
surfaces. Upon rotation of the mitotic spindle axis, which goes along with a switch to
asymmetric divisions, each cell produces a progenitor and a neuron (Lehtinen and
Walsh, 2011). A reduction of the neuroprogenitor pool is underlying the development
of MCPH, which can arise due to either defects in spindle rotation (Noatynska et al.,
2012) or via apoptosis (Komada et al., 2010).
Another condition that is associated with mutations in centrosomal proteins is
primordial dwarfism (PD). These patients suffer from varying degrees of
proportionately short stature and symptoms can clinically overlap with MCPH, which
is especially the case for Seckel syndrome patients (see table 1, MCPH-Seckel
combination) (Verloes et al., 2013). Other subtypes of PD encompass Meier Gorlin
syndrome, microcephalic osteodysplastic primordial dwarfism type I and II (MOPDI
/II) or Russell Silver syndrome (reviewed in Klingseisen and Jackson, 2011).
However, how exactly centrosomal defects cause spindle misorientation,
apoptosis or other cellular damage that results in MCPH or PD is not yet fully
established. Some proteins, such as Cdk5rap2 (Barr et al., 2010; Choi et al., 2010;
Fong et al., 2008; Haren et al., 2009; Lucas and Raff, 2007), pericentrin (Dictenberg
et al., 1998; Doxsey et al., 1994) and ninein (Delgehyr et al., 2005; Mogensen et al.,
2000) have been implicated in PCM organization and MT nucleation. Such defects
might well interfere with either spindle orientation or chromosome segregation.
Chromosome segregation defects might also be caused by mutations in CASC5, a
kinetochore protein (Genin et al., 2012). Cdk5rap2 has furthermore been implicated
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in centriole cohesion (Barr et al., 2010; Barrera et al., 2010; Graser et al., 2007) and
engagement (Barrera et al., 2010), and failure in these processes are likely to result
in aberrant spindle formation. Other proteins, such as ASPM and WDR62, might also
be directly involved in spindle orientation (Bogoyevitch et al., 2012; Farag et al.,
2013; Fish et al., 2006; Higgins et al., 2010; van der Voet et al., 2009). Interestingly,
a considerable fraction of these disease-associated proteins are key centriole
duplication factors, such as STIL, Cep135, CPAP, Cep152 or Cep63 (Arquint et al.,
2012; Blachon et al., 2008; Brown et al., 2013; Ching et al., 2002; Cizmecioglu et al.,
2010; Hatch et al., 2010; Kleylein-Sohn et al., 2007; Kohlmaier et al., 2009; Schmidt
et al., 2009; Sir et al., 2011; Tang et al., 2009; 2011; Vulprecht et al., 2012).
Mutations might therefore either result in less efficient centriole duplication or trigger
centriole overduplication. Both scenarios could interfere with proper spindle
formation/orientation (Ganem et al., 2009; Kitagawa et al., 2011a) and cell cycle
progression (Arquint et al., 2014; Doxsey et al., 2005b). A recent study has analyzed
the effect of centrosome amplification on brain development in the mouse and
concluded that centrosome amplification is sufficient to trigger a phenotype
resembling microcephaly (Marthiens et al., 2013). Even though defects in spindle
orientation have not been observed, it has been suggested that increased apoptosis
of neuroprogenitors might be the underlying cause (Marthiens et al., 2013).
Also, some proteins, such as Cdk6 or microcephalin, might directly control cell
cycle progression (Alderton et al., 2006; Gruber et al., 2011; Morgan, 1997; Tibelius
et al., 2009). Furthermore, many of the involved gene products have functions in
DNA-related processes, such as DNA damage responses (microcephalin, Cdk5rap2,
ATR, ATRIP) (Alderton et al., 2006; Barr et al., 2010; Nam and Cortez, 2011), DNA
repair (RBBP8) (Limbo et al., 2007) , epigenetic modifications (ZNF335, PHC1)
(Isono et al., 2005; Mahajan et al., 2002), initiation of DNA replication (ORC1, ORC4,
ORC6, CDT1, CDC6) (Stillman, 2005) or RNA splicing (RNU4ATAC) (Schneider et
al., 2002).
In summary, mutations in centrosomal proteins or proteins that have DNA
damage and repair functions are interfering with human brain development and/or
body growth. The underlying defects most likely lead to errors in cell cycle
progression, mitotic spindle orientation or they might trigger apoptosis of
neuroprogenitors.
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MCPH%
%

Genetic%Locus%

%Protein%name%

Localization%

MCPH1%

!Microcephalin!

Centrosome!

MCPH2%

Centrosome!

MCPH5%
MCPH7%
MCPH8%

WDR62!
CDK5RAP2!
or!Cep215!
CASC5!
or!KNLQ1!
ASPM!
STIL!
CEP135!

MCPH10%

ZNF335!

Nucleus!

MCPH12%

Cdk6!

Centrosome?!

MCPH3%
MCPH4%

Centrosome!
Kinetochore!!
Centrosome!
Centrosome!
Centrosome!

Function%
DNA!damage!response,!Control!of!
mitotic!entry!
JNK!signaling,!Spindle!formation!
PCM!organization,!Centriole!
cohesion/engagement,!DNA!repair!
MT!attachment!to!kinetochores,!SAC!
function!
Spindle!orientation!
Centriole!duplication!factor!
Centriole!duplication!factor!
Component!of!a!chromatin!
remodeling!complex!
Control!of!G1/S!phase!transition!

MCPH>Seckel%combination%
%

MCPH11%

PHC1!

Nucleus!

MCPH6/SCKL4%
MCPH9/SCKL5%
SCKL2%
SCKL6%

SASQ4!(CENPJ)!
Cep152!
RBBP8!
Cep63!

Centrosome!
Centrosome!
Nucleus!
Centrosome!

Polycomb!group!protein!(epigenetic!
modification!of!DNA)!
Centriole!duplication!factor!
Centriole!duplication!factor!
DNA!repair!(Endonuclease)!
Centriole!duplication!factor!

Seckel%Syndrome%
%

SCKL1%

ATR!

Nucleus!

SCKL7%

Ninein!

Centrosome!

SCKL8%

ATRIP!

Nucleus!

DNA!damage!response!
Subdistal!appendage!protein,!MT!
nucleation!at!centrioles!
DNA!damage!response!

Nucleus!
Nucleus!
Nucleus!
Nucleus!
Nucleus!

Initiation!of!DNA!replication!
Initiation!of!DNA!replication!
Initiation!of!DNA!replication!
Initiation!of!DNA!replication!
Initiation!of!DNA!replication!

Meier%Gorlin%Syndrome%
%

MGS1%
MGS2%
MGS3%
MGS4%
MGS5%

ORC1!
ORC4!
ORC6!
CDT1!
CDC6!

Microcephalic%Osteodysplastic%Primordial%Dwarfism,%Type%I%
%

MOPD%I%

RNU4ATAC!

Nucleus!

snRNA,!part!of!spliceosome!

Microcephalic%Osteodysplastic%Primordial%Dwarfism,%Type%II%
%

MOPDII%

Pericentrin!

Centrosome!

PCM!protein,!MT!nucleation!at!
centrosomes!

Table 1: Gene Products Implicated in MCPH or PD. List of proteins associated with
autosomal recessive primary microcephaly (MCPH), primordial dwarfism (Seckel Syndrome,
Meier Gorlin Syndrome, MOPDI/II) or both diseases (MCPH-Seckel combination). Protein
names, their subcellular localization and protein functions are listed. Green background color
indicates localization of respective proteins to centrosomes/spindle poles, blue background
color was used for nuclear localization and orange background color indicates localization to
kinetochores. RNU4ATAC is not a protein but an snRNA. For more information, see text.
Table was partially adapted from (Verloes et al., 2013).
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2.8 STIL – a Centriole Duplication Factor in Human Cells?
The STIL (SCL/TAL1 interrupting locus, also called SIL) gene has first been identified
due to its involvement in a common chromosomal rearrangement that leads to T-cell
acute lymphoblastic leukemia, by alteration of SCL (Tal1) transcriptional regulation
(Aplan et al., 1991; 1990; Carlotti et al., 2002). STIL codes for a large cytosolic
protein of 1287 amino acids (Aplan et al., 1991; Izraeli et al., 1997). Its expression in
proliferating cells has been shown to depend on E2F transcription factors (Erez et al.,
2008), which trigger the expression of cell cycle regulators that bring about the G1/S
phase transition. This protein has initially been characterized as a mitotic regulator
required for mitotic entry (Erez et al., 2007) and STIL has furthermore been proposed
to cooperate with Pin1, a peptidyl-prolyl cis-trans isomerase, in regulation of the
duration of mitotic checkpoint signaling (Campaner et al., 2005). STIL has also been
implicated in carcinogenesis as its overexpression in multiple cancers, such as
melanoma or lung cancer (Erez et al., 2004), correlates with increased metastatic
potential (Ramaswamy et al., 2003).
Interestingly, STIL seems to be strictly required for vertebrate development, as
STIL disruption in both mouse and zebrafish results in early embryonic death (Izraeli
et al., 1999; Pfaff et al., 2007). STIL (-/-) mouse embryos die after embryonic day
10.5 with defects in axial development and left-right specification, which might arise
due to inadequate sonic hedgehog (shh) signaling (Izraeli et al., 1999). In line with
these findings, a genetic interaction between STIL and the shh pathway has later on
been confirmed (Izraeli et al., 2001), suggesting that STIL is strictly required for shh
signaling.
Similarly, STIL loss of function in zebrafish resulted in embryonic death and
increased numbers of mitotic cells. The increase in mitotic cells correlated with an
increase in monopolar spindles, suggesting that STIL might be required for mitotic
spindle assembly, which has been confirmed by the observed localization of STIL to
mitotic spindle poles. Even though a lower number of centrosomes in STIL deficient
zebrafish cells was described, a function of STIL in centriole duplication had not been
taken into account at that time.
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Finally, mutations in STIL have been associated with MCPH (Kumar et al.,
2009), a brain disease which is linked to centrosomal defects. These latter findings
are interesting in regard to a proposed function of STIL in centriole biogenesis.
Based on sequence alignments, it has recently been suggested that STIL might be
related to the C. elegans SAS-5 and Drosophila Ana2 duplication factors (Stevens et
al., 2010a). The observation that STIL (-/-) mouse cells lack clear centrosomes
strengthens this proposal (Castiel et al., 2011). However, STIL and Ana2/SAS-5
exhibit large size differences (with STIL being roughly three times as large as Ana2
or SAS-5), and sequence similarity is low and restricted to a short, 87 amino acid
stretch called STAN motif. This left doubts as to whether these proteins might be true
relatives. Therefore, we considered it important to test the role of STIL in centriole
biogenesis in human cells (subject of this thesis, see results section). Intriguingly, if
confirmed, a function of STIL in centriole duplication could explain previous findings
that implicated STIL in the regulation of mitotic progression and shh signaling, as loss
of centrioles would be predicted to interfere with both of these processes.
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Here, we have analyzed the role of human STIL in centriole biogenesis. Two reasons
prompted us to study whether this protein is implicated in centriole duplication: First,
mutations in STIL have been linked to autosomal recessive primary microcephaly
(MCPH), a neurodevelopmental disease which is connected to centrosomes,
although the precise nature of this link is unknown. Second, and most intriguingly,
sequence alignments led to the proposal that STIL might be a distant relative of the
C. elegans SAS-5 and Drosophila Ana2 duplication factors.
After having revealed that human STIL cooperates with Plk4 and HsSAS-6 in
centriole formation, we were intrigued by the finding that excess STIL triggers robust
centriole amplification, which is a hallmark of many cancer cells. We therefore
decided to study the mechanisms that regulate the abundance of STIL throughout the
cell cycle. By doing so, we not only uncovered a mechanism that results in complete
destruction of STIL, but also found a provocative link to MCPH that might explain why
mutations in STIL interfere with human brain development.
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5.1 On the Relation between SAS-5, Ana2 and STIL
The centriole duplication machinery was highly conserved in evolution. Components
that are required to form a new centriole have initially been identified by genetic
screens in C. elegans (Leidel and Gönczy, 2005). Whereas only five proteins are
necessary to form a centriole in this organism, additional duplication factors are
required to build a centriole in human cells (Nigg and Stearns, 2011). This suggests
the process in human cells to be more complex, but the basic principles of centriole
formation have been conserved, as most of the centriole duplication factors from
C. elegans are also present in human cells. However, one centriole duplication factor,
named SAS-5, has long been lacking any obvious counterpart outside of C. elegans.
Elegant work in Drosophila then revealed that a protein named Ana2 constitutes the
SAS-5 homolog in flies, and it has furthermore been proposed that a protein called
STIL might be the respective candidate in human cells (Stevens et al., 2010a).
We and others therefore started to investigate whether STIL is implicated in
centriole biogenesis of proliferating human cells, with a special focus on a possible
relation between STIL, Ana2 and SAS-5 (Arquint et al., 2012; Tang et al., 2011;
Vulprecht et al., 2012). Indeed, depletion of STIL from cells completely abrogated
centriole duplication, whereas STIL overexpression triggered the near-simultaneous
formation of multiple daughter centrioles around each pre-existing centriole (Figure
10). The same phenotype can be observed for two major centriole duplication factors,
Plk4 and HsSAS-6 (Habedanck et al., 2005; Kleylein-Sohn et al., 2007; Strnad et al.,
2007), which suggests that STIL has adopted a key function in assembly of human
centrioles. Furthermore, by immunofluorescence and electron microscopy, we and
others observed localization of STIL to the proximal procentriole region (Arquint et al.,
2012; Lukinavičius et al., 2013; Tang et al., 2011). This part of the centriole contains
the cartwheel structure, a template for centriole assembly that is formed by 9-fold
oligomerization of HsSAS-6 homodimers (Gönczy, 2012). The localization of STIL to
the cartwheel region has furthermore been confirmed by prominent HsSAS-6 and
STIL co-localization (Arquint et al., 2012; Lukinavičius et al., 2013). We therefore
suggest that STIL constitutes a key centriole duplication factor in human cells that
cooperates with Plk4 and HsSAS-6 in cartwheel formation.
!
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Figure 10: STIL Depletion and Overexpression Phenotypes Schematic illustrations
showing the effects on centriole duplication in STIL depleted (top), unperturbed (middle) or
STIL overexpressing cells (bottom). After centriole duplication (G2 phase, right side) new
daughter centrioles were formed in orthogonal orientation to preexisting centrioles in
unperturbed cells (right side, middle). In STIL depleted G2 phase cells (right side, top),
daughter centrioles did not form. In STIL overexpressing G2 phase cells (right side, bottom),
several daughter centrioles formed simultaneously around both preexisting centrioles.

In contrast, two studies localized STIL to the PCM region of centrosomes (Pfaff et al.,
2007; Vulprecht et al., 2012), a finding that could not be reproduced in our hands
(Arquint et al., 2012). However, antibody specificity issues have not been completely
ruled out, which would be necessary before drawing definitive conclusions.
Furthermore, a localization of exogenous STIL to the PCM region was not observed
when ectopically expressing GFP-tagged STIL, which localizes as a ring around pre!
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existing centrioles to trigger the near-simultaneous formation of multiple daughter
centrioles (Arquint et al., 2012; Tang et al., 2011). We therefore suggest that STIL is
an integral part of newly formed centrioles, rather than a PCM component (Arquint et
al., 2012; Lukinavičius et al., 2013; Tang et al., 2011).
In summary, the above results confirm a relation between STIL, Ana2 and
SAS-5 in centriole formation. We suggest that the key functions of SAS-5, the
assembly of centriole scaffolds (central tube in C. elegans or cartwheel in Drosophila
and human cells), have been conserved in STIL. This also fits with results obtained
for Drosophila Ana2, which does specifically localize to daughter centrioles and
triggers the de novo formation of centriole-like structures, when overexpressed in
unfertilized Drosophila eggs (Stevens et al., 2010a).
However, not all the functions that have been described for C. elegans SAS-5
seem to be conserved in human STIL. For example, previous studies emphasized
that SAS-5 and SAS-6 are forming a stable complex in the cytoplasm of C. elegans,
which gets recruited to the site of procentriole formation at the G1/S phase transition
to form the central tube (Leidel et al., 2005). A similar, direct interaction was
observed for Ana2 and DSAS-6 (Stevens et al., 2010a). We therefore conducted a
series of co-immunoprecipitation experiments in HEK 293T cells in order to check for
an interaction between STIL and HsSAS-6. However, we were not able to detect
such an interaction (Arquint et al., 2012). Also, neither endogenous nor
overexpressed STIL was detected in endogenous SAS-6 immunoprecipitates (Arquint
et al., 2012). This makes it unlikely that STIL and HsSAS-6 form a stable complex in
the cytoplasm. STIL and HsSAS-6 might well interact at the cartwheel region, but
such a localized (and perhaps transient) interaction would be difficult to detect by coimmunoprecipitation experiments. One study nevertheless managed to demonstrate
an interaction, albeit weak, in co-immunoprecipitation experiments, but contrary to
what has been shown in C. elegans or Drosophila, a direct interaction between the
two proteins was not observed (Tang et al., 2011). Furthermore, two studies have
revealed an interaction between STIL and CPAP (Tang et al., 2011; Vulprecht et al.,
2012), which has been confirmed to be of direct nature (Cottee et al., 2013;
Hatzopoulos et al., 2013; Tang et al., 2011). This latter interaction is evolutionarily
conserved and has also been observed between SAS-4 and Drosophila Ana2 and
C. elegans SAS-5. Furthermore, the interaction has been shown to be essential for
!
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centriole formation in Drosophila (Cottee et al., 2013) and in human cells (Kitagawa
et al., 2011a). Interestingly, a mutation in CPAP (E1235V) that is associated with
MCPH in humans interferes with binding to STIL (Tang et al., 2011), suggesting that
centriole duplication might be partially impaired in those patients (Kitagawa et al.,
2011a).
Also, C. elegans SAS-5 and SAS-6 mutually depend on each other for
centriolar localization (Leidel et al., 2005). Such a co-dependency on localization
could not be fully reproduced in our hands (Arquint et al., 2012). Even though STIL
was not localizing to centrioles in the absence of HsSAS-6, reduced levels of HsSAS6 were consistently detected at centrioles in STIL depleted cells. As HsSAS-6
disappears from centrioles at the end of mitosis and gets newly recruited to centrioles
at each G1/S phase transition, we are confident that this does not reflect remaining
HsSAS-6 that has been present at centrioles prior to depletion. This rather suggests
that cartwheels might be partially assembled in the absence of STIL, but stable
integration into procentrioles does not take place. However, this result is controversial
and has not been observed by others, which rather revealed a complete mutual
dependency for both HsSAS-6 and STIL on centriolar targeting (Tang et al., 2011;
Vulprecht et al., 2012). Therefore, this will need further experimentation.
Furthermore, there are prominent differences in the localization patterns of
STIL/Ana2 and SAS-5. Unlike Ana2 or STIL, that both localize specifically to daughter
centrioles, SAS-5 is present at daughter and mother centrioles. These discrepancies
could reflect differences in cartwheel and central tube stability. Whereas the
cartwheel (at least in vertebrate cells) is know to disassemble each cell cycle
transition and therefore is daughter centriole specific, the central tube (or at least
some components of it) might persist stably integrated into mother centrioles of
C. elegans.
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5.2 Do STIL and E2F Cooperate in Control of Centriole
Duplication?
Two years before STIL has been implicated in centriole biogenesis, it has been
revealed that STIL transcriptional expression is under tight control of the E2F1
transcription factor (Erez et al., 2008). Intriguingly, E2F transcription factors are, in
conjunction with Cdk2 Cyclin A or E, important controls that determine the timepoint
of centriole duplication as well as DNA replication towards the G1/S phase transition
(Meraldi et al., 1999). Therefore, STIL might provide an interesting link between
activation of E2F transcription factors and onset of centriole duplication.

5.3 Is STIL a Genuine Cartwheel Protein?
Our results, as well as those of others, unequivocally show that STIL localizes to the
cartwheel region of human centrioles (Arquint et al., 2012; Lukinavičius et al., 2013;
Tang et al., 2011). Furthermore, STIL is amongst the first components that get
recruited to the site of centriole formation, suggesting that it assists early on in
cartwheel assembly (Arquint et al., 2012). After its recruitment, STIL co-localizes with
HsSAS-6 to the proximal part of newly forming centrioles. Both STIL and HsSAS-6
centriolar levels increase towards mitosis (Arquint et al., 2012; Tang et al., 2011),
suggesting that cartwheel assembly continues in parallel to centriole elongation.
Finally, STIL and HsSAS-6 both disappear from centrioles in mitosis (Arquint and
Nigg, 2014; Arquint et al., 2012; Strnad et al., 2007), which is the time when
cartwheels disassemble. All these data are in line with STIL being a genuine
cartwheel component in human cells. Similar conclusions have been reached in
Drosophila, where ectopic Ana2 and DSAS-6 coassembled into tubules that
resembled the inner cartwheel structure (Stevens et al., 2010b).
From an evolutionary perspective, however, it seems possible that cartwheels
can form in the absence of STIL. STIL is highly conserved in vertebrates and is also
!
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found in some other metazoa, but it can not be readily identified in unicellular
organisms that use centrioles to build flagella, such as Trypanosomas or
Chlamydomonas (unpublished data). SAS-6, in contrast, is thought to be present in
any organism that forms centrioles. Also Cep135 or SAS-4 are highly conserved in
many unicellular organisms (Hodges et al., 2010). This suggests that STIL probably
evolved as an additional cartwheel component in metazoan organisms that assists
with SAS-6, CPAP and Plk4 in centriole formation.

5.4 Is STIL Required for Cartwheel Stability?
Both STIL and HsSAS-6 are completely removed from cells by proteasomal
degradation at the end of mitosis (Arquint et al., 2012; Izraeli et al., 1997; Strnad et
al., 2007; Tang et al., 2011), and the APC/C has been implicated in degradation of
both proteins (Arquint and Nigg, 2014; Arquint et al., 2012; Strnad et al., 2007). While
using a real-time based assay to monitor cell cycle regulation of GFP-STIL in a U2OS
Flp-In T-Rex cell line, we were surprised to see that STIL disappears from centrioles
already in early mitosis (upon nuclear envelope breakdown), before it gets removed
by the APC/C (Arquint and Nigg, 2014). We first checked whether removal of
centriolar STIL would reflect proteasomal degradation, which was not the case. We
therefore suspected that posttranslational modifications might be involved in this
process. A prominent kinase that gets activated at this time in the cell cycle is
Cdk1/CyclinB. Indeed, several Cdk1 inhibitors potently blocked STIL removal from
centrioles (Arquint and Nigg, 2014). Although in a different context, previous studies
had already linked Cdk1 to STIL phosphorylation (Campaner et al., 2005). The
release of STIL from mitotic centrioles into the cytoplasm upon Cdk1 phosphorylation
is therefore the most likely scenario (Arquint and Nigg, 2014). However, we can not
exclude an indirect mechanism, and future work will have to reveal the exact
mechanism.
Importantly, these findings bear on our understanding of cartwheel
disassembly. The cartwheel of vertebrate centrioles is known to disassemble in
mitosis, but the exact timing and the underlying mechanisms are unknown. On the
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basis of our results, we propose that the translocation of STIL from centrioles into the
cytoplasm initiates cartwheel disassembly in early mitosis. SAS-6 is a major
cartwheel protein. We therefore carefully assessed HsSAS-6 centriolar levels at all
stages of mitosis. In line with our hypothesis, HsSAS-6 levels at centrioles gradually
decreased already upon mitotic entry and HsSAS-6 was completely lost from
centrioles in anaphase. We therefore propose that STIL removal from centrioles
destabilizes the cartwheel, which then disassembles throughout the rest of mitosis.
Cdk1 therefore allows for tight coupling of cartwheel disassembly with mitotic
progression, since this kinase is required for initiation of both processes.
In summary, all these data support a model according to which STIL is a factor
that positively regulates cartwheel stability, most probably in cooperation with
HsSAS-6, CPAP and Plk4. STIL is one of the first components to localize to the site
where cartwheels assemble and it might be required for stable integration of HsSAS6 into the proximal part of newly forming centrioles. Finally, dissociation of STIL from
mitotic centrioles, which is followed by release of centriolar HsSAS-6, might initiate
cartwheel disassembly.

5.5 APC/C-Mediated Degradation of STIL
Centriole amplification is a widespread characteristic of cancer cells where it is
predicted to promote genetic instability (Lingle et al., 2002; Nigg, 2002; 2006). Extra
centrosomes interfere with important cellular processes, such as MT organisation,
mitotic spindle formation or spindle orientation. Therefore, tight control over centriole
duplication is fundamental for cellular integrity.
Fluctuations of STIL protein levels in proliferating cells have been described as
early as 15 years ago (Izraeli et al., 1997) and levels of STIL are critical for
maintenance of correct centriole numbers (Arquint et al., 2012; Tang et al., 2009;
Vulprecht et al., 2012). We therefore analyzed the subcellular distribution of STIL
throughout the cell cycle. We found that STIL is completely absent in G1 phase cells
but gradually accumulates both in the cytoplasm and at centrioles from the G1/S
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phase transition to early mitosis (Arquint et al., 2014). At nuclear envelope
breakdown, STIL disappears from centrioles, whereas cytoplasmic STIL persists until
late anaphase, when it is subject to complete proteasomal degradation (Arquint et al.,
2012; Tang et al., 2011). A prominent ubiquitin ligase complex activated at this cell
cycle stage is the APC/C. RNAi experiments suggested that both APC/C activator
proteins Cdc20 and Cdh1 might contribute to STIL degradation (Arquint et al., 2012).
Activator proteins associate with the APC/C and bind respective substrate proteins
via short amino acid sequences, called D- or KEN boxes, to bring the E3 ubiquitin
ligase close to its substrates (Peters, 2006). Mutational analysis of five putative Dand one putative KEN box revealed that only the KEN box was functional in terms of
STIL degradation (Arquint et al., 2012). Since KEN boxes are primarily targeted by
Cdh1, we propose that APC/CCdh1 is the major mediator of STIL degradation, but
initial contribution of the APC/CCdc20 can not be fully excluded (Arquint et al., 2012).
Complete degradation of STIL (Arquint and Nigg, 2014; Arquint et al., 2012; Tang et
al., 2011), HsSAS-6 (Strnad et al., 2007) or CPAP (Tang et al., 2009) at the end of
mitosis might act as a reset mechanism to set levels of respective centriole
duplication factors to zero before a new round of centriole duplication is initiated. As
levels of all those duplication factors are critical to maintain correct centriole
numbers, this might prevent aberrant centriole formation.
Intriguingly, two nonsense mutations in STIL that are associated with MCPH
(p.Val1219X and p.Gln1239X) remove only a small part of the protein’s C-terminus
(Kumar et al., 2009), which includes the KEN box (Arquint et al., 2014). We thus
hypothesized that abrogation of STIL cell-cycle regulation could account for the
reduced brain size in corresponding patients via STIL stabilization and centriole
amplification (Figure 11). In line with this hypothesis, centriole amplification is indeed
sufficient to trigger microcephaly, as has been shown by overexpression of Plk4 in
the developing mouse central nervous system (Marthiens et al., 2013). We therefore
set out to experimentally test our hypothesis.
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5.6 STIL Microcephaly Mutations are Gain-of-Function
If our above hypothesis was true, the respective microcephaly mutations
(p.Val1219X, p.Gln1239X) should not abrogate the ability of STIL to function in
centriole duplication. We therefore checked whether removal of 49 or 69 amino acids
from the STIL C-terminus would interfere with its ability to trigger centriole
amplification. Overexpression of both truncations resulted in centriole amplification,
and we found that removal of up to 132 amino acids from the STIL C-terminus is well
tolerated in regard to centriole duplication (Arquint and Nigg, 2014). This suggests
that STIL microcephaly truncations retain functionality in centriole duplication, as has
also been observed by others (Vulprecht et al., 2012).
As a next step, it was important to assess in vivo whether STIL protein
truncations

would

sufficiently

accumulate

to

trigger

centriole

amplification.

Unfortunately, we had no patient material available to check for STIL protein
stabilization or centriole amplification, but we emphasize that it will be of importance
to confirm our findings with patient material in future studies. We therefore generated
a U2OS Flp-In T-Rex cell line expressing a truncated version of STIL (p.Val1219X)
and compared it to a cell line expressing wild type STIL. Clearly, mutant STIL
accumulated to sufficiently high levels to trigger robust centriole amplification,
whereas wild type STIL did not. Thus, removal of the KEN box from STIL in
proliferating cells does indeed result in centriole amplification (Arquint and Nigg,
2014).
Overall, the STIL mutations described here are not loss-, but rather gain-offunction. At first glance, this result seems surprising, as most of the mutations that
occur in MCPH associated genes result in a loss-of-function phenotype, as is typical
of recessive diseases. In contrast, gain-of-function mutations are predicted to act in a
dominant fashion, because one copy of the mutated allele is often sufficient to trigger
a phenotype in heterozygous patients. Therefore, why would the disease phenotype
(microcephaly) not be visible in heterozygote individuals in our case? One possibility
is that one copy of mutated STIL is not enough to trigger STIL accumulation and
centriole amplification (partial dominance). Also, it has been shown that STIL forms
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dimers or higher order oligomers in vivo (Tang et al., 2011). Therefore, mutant and
wild-type STIL are most likely in a complex if both copies are present in an organism.
Wild type STIL might therefore provide its KEN box for degradation of the whole
complex, thereby rescue accumulation of mutant STIL. Only complete loss of the
KEN box in both alleles might therefore be sufficient to trigger robust centriole
amplification.
Besides the two STIL mutations analyzed here, two additional mutations have
been described in the literature (Kumar et al., 2009; Papari et al., 2013). Kumar and
co-workers described a third STIL mutation that is predicted to interfere with mRNA
splicing, but the consequences of this mutation are not easy to predict without
experimental verification. It was suggested that this splice site mutation would result
in a larger truncation from the STIL C-terminus, which, according to our experiments,
would abrogate the function of STIL in centriole duplication (Arquint and Nigg, 2014).
However, complete loss of STIL function in humans is likely to be fatal, as elimination
of STIL in both zebrafish and mice results in embryonic lethality (Izraeli et al., 1999;
Pfaff et al., 2007) Before reaching further conclusions, the exact outcome of this
mutation on mRNA splicing therefore will have to be experimentally tested. Also, a
missense mutation termed p.L798W has been described in another study (Papari et
al., 2013). This mutation does not delete the KEN box, which implies that loss of the
KEN box is probably not the only cause for microcephaly in STIL-related MCPH
patients. However, it could be that this mutation does trigger centriole amplification or
interfere with STIL degradation by other means.
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Figure 11: A Two Step Mechanism Results in Late Mitotic Degradation of STIL, which
is Abrogated by STIL MCPH Mutations (A) In early mitosis, Cdk1/Cyclin B drives
translocation of centrosomal STIL (red) into the cytoplasm. (B) In late mitosis, the APC/C
recognizes a KEN box on the C-terminus of STIL, which results in proteasomal degradation.
A STIL MCPH mutation (p.Val1219X) deletes the KEN box and renders STIL resistant to
degradation. (C) Schematic illustration depicting the early mitotic translocation of
centrosomal STIL (red) into the cytoplasm, followed by degradation of cytoplasmic STIL
(green) at the end of mitosis. (D) STIL p.Val1219X does also translocate from early mitotic
centrosomes into the cytoplasm, but is not degraded at mitotic exit. This results in centriole
amplification. Figure adapted from (Arquint and Nigg, 2014).
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5.7 Is Centriole Amplification a Root Cause of
Microcephaly?
So, how could centriole amplification caused by STIL mutations mechanistically result
in microcephaly? In our opinion, there are at least two possible explanations for how
such a phenotype could arise via centriole amplification. First, extra centrosomes in
neuroprogenitors are likely to interfere with mitotic spindle orientation, which is
important to keep the ratio between stem cells and differentiated cells in balance.
Therefore, spindle misorientation does reduce the neuroprogenitor pool (Noatynska
et al., 2012). Surprisingly, spindle misorientation was not evident in a developing
mouse brain overexpressing Plk4, which induced microcephaly via massive centriole
amplification (Marthiens et al., 2013). Instead, neuroprogenitors underwent extensive
cell death. Apoptosis is therefore an alternative explanation for how the
neuroprogenitor pool could be reduced. Apoptosis is likely to be triggered by defects
in bipolar spindle formation, which cause chromosome missegregation (Ganem et al.,
2009). In this regard, it is interesting to mention that mutations in a prominent
kinetochore protein, called CASC5 (KNL1), were also linked to MCPH (Genin et al.,
2012). Abrogation of kinetochore function is predicted to interfere with MTkinetochore attachments, which also results in genetic instability (Foley and Kapoor,
2013).
Therefore, both spindle misorientation and chromosome missegregation are
likely defects in a developing brain with extra centrosomes. However, at least in the
case described here (Arquint and Nigg, 2014), centriole amplification is predicted to
occur in cells throughout the body, and not only within the brain region. But why is
only the brain affected, whereas other parts of the body remain normal? Probably,
the answer to this question lies in the extraordinary ability of cells to cluster extra
centrioles, which allows for bipolar spindle formation in such contexts (Gergely and
Basto, 2008; Kwon et al., 2008; Ring et al., 1982). The ability of organisms to
withstand centriole amplification has been convincingly demonstrated in flies
overexpressing Plk4. Even though a majority of their cells harbored supernumerary
centrioles, these flies maintained a stable diploid genome over many generations,
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and only the asymmetric divisions of neuroprogentitors were compromised (Basto et
al., 2008). Therefore, in comparison to other cell types, neuroprogenitors might be
inefficient in centrosome clustering, which would render them especially susceptible
to perturbations in centriole numbers. However, results from Drosophila can not be
directly applied to vertebrates. Therefore, it will be interesting to check in future
whether centriole amplification in vertebrates might only affect brain development, or
also other organs.
Here, we demonstrate that primary microcephaly in patients with mutations in
STIL might likely underlie a centriole amplification phenotype (Arquint and Nigg,
2014), and centriole amplification in the mouse brain has been shown to be sufficient
to trigger microcephaly (Marthiens et al., 2013). However, it is clear that centriole
amplification is not the only cause of MCPH, and defects in other cellular pathways,
such as centriole maturation, cell cycle progression or DNA damage responses, have
all been linked to this disease (Kaindl et al., 2010; Thornton and Woods, 2009).
Finally, defects in completely different pathways might have a similar outcome. For
example, perturbation of DNA damage signaling has also been shown to cause
centriole amplification (Bourke et al., 2007). Regarding the growing list of mutated
genes involved in MCPH and the diversity of defects they might cause in affected
patients, it will be of great interest in future studies to define the underlying
mechanisms that might explain how all these defects converge into one common
phenotype.
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6. ABBREVIATIONS

!

ABBREVIATIONS!
APC/C: anaphase-promoting complex/cyclosome
Ana2: anastral spindle 2
ASPM: abnormal spindle-like, microcephaly-associated
ATR: ataxia telangiectasia and Rad3-related
ATRIP: ATR interacting protein
Bld10: basal body protein 10
CASC5: cancer susceptibility candidate 5
CCDC78: coiled-coil domain containing 78
CDC: cell divison cycle
Cdh1: CDC20 homolog 1
Cdk: cyclin-dependent kinase
Cdk5rap2: CDK5 regulatory subunit-associated protein 2
CDT1: chromatin licensing and DNA replication factor 1
Cep/CP: centrosomal protein
CPAP: centrosomal P4.1-associated protein
CTL: cytotoxic T lymphocytes
C-Nap1: centrosomal Nek2-associated protein 1
Deup1: deuterosome protein 1
FBF1: fas-binding factor 1
FBXW5: F-box/WD repeat-containing protein 5
HEK: human embryonic kideny
Kif24: kinesin familiy member 24
KNL-1: kinetochore-null protein 1
MCPH: autosomal recessive primary microcephaly
MOPDI: microcephalic osteodysplastic primordial dwarfism type I
MOPDII: microcephalic osteodysplastic primordial dwarfism type II
MPS1: monopolar spindle protein 1
MT: microtubule
Nedd1: neural precursor cell expressed developmentally down-regulated protein 1
Nek2: never in mitosis A-related kinase 2
ODF2: outer dense fiber protein 2
ORC: origin recognition complex
PCM: pericentriolar material
PD: primordial dwarfism
PHC1: polyhomeotic-like 1
Pin1: peptidyl-prolyl cis-trans isomerase NIMA-interacting 1
Plk: polo-like kinase
PLP: pericentrin-like-protein
POC: protein of centriole
PP: protein phosphatase
RBBP8: retinoblastoma-binding protein 8
RNU4ATAC: RNA, U4atac small nuclear
SAS: spindle assembly abnormal
SCF: Skp, Cullin, F-box containing complex
SCL: stem cell leukemia
SCLT1: sodium channel and clathrin linker 1
Sfi1: suppressor of fermentation induced loss of stress resistance protein 1
Shh: sonic hedgehog
Slimb: supernumerary limbs
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snRNA: small nuclear ribonucleic acid
SPB: spindle pole body
SPD-2: spindle-defective protein 2
SPICE1: spindle and centriole-associated protein 1
STAN: STIL/Ana2 motif
STIL: SCL/TAL1 interrupting locus
Stu2: suppressor of tubulin 2
TAL1: T-cell acute lymphocytic leukemia protein 1
USP33: ubiquitin carboxyl-terminal hydrolase 33
WDR62: WD repeat domain 62
XMAP215: microtubule associated protein 215 kDa
ZNF335: zinc finger protein 335
ZYG-1: zygote defective protein 1
β -TrcP: beta-transducin repeat containing
γ -TuRC: gamma tubulin ring complex
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