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Abstract 
 

Studying Centrosome Formation and the  
Consequences of Centrosome Loss in Drosophila melanogaster 

 
Janina Baumbach, Lincoln College 

Doctor of Philosophy 
2014 

 
 

Centrioles are conserved microtubule-based structures that are required for the 

formation of two important cellular organelles, centrosomes and cilia. Centrosomes 

form the poles of the mitotic spindle and consist of a pair of centrioles surrounded by a 

matrix of pericentriolar material (PCM) that has the ability to nucleate and organise 

microtubules. Centrosome defects are implicated into a variety of human diseases 

including cancer, microcephaly, and ciliopathies. Therefore it is of great interest to 

understand the mechanisms that lead to centrosome formation and the consequences 

that centrosome defects have in cells.   

I have analysed the roles of several centrosomal proteins in centrosome 

assembly in Drosophila. My results indicate that Sak/PLK4 is only required for the 

initial step of centriole duplication, but has no further role in recruitment of PCM. I 

show that two proteins important for PCM recruitment, Asterless (Asl) and Spd-2, are 

preferentially phosphorylated when they are integrated into the centrosome and I 

identified these phosphorylation sites using a phosphoproteomic screen. A 

phosphorylation site in Asl is specifically phosphorylated in mitosis, and the 

phosphorylation state of Spd-2 regulates its maintenance at the centrosome, suggesting 

that phosphorylation of PCM proteins is an important mechanism to ensure PCM 

assembly specifically at the centrosome and in mitosis.  

I have performed a global transcriptional analysis of flies lacking centrosomes or 

having extra centrosomes to investigate the effects of centrosomal defects on a cellular 

level. Surprisingly, my results indicate that centrosome defects per se do not 

dramatically alter cellular physiology. Finally, I demonstrate that in the absence of 

centrioles acentrosomal microtubule-organising centres (aMTOCs) are formed in an 

Asl- and Cnn-dependent fashion, and I show that these aMTOCs can contribute to 

spindle focusing in acentrosomal cells.  
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1 Introduction 

1.1 Centrioles, centrosomes and cilia 

1.1.1 The structure of the centriole 

Centrioles are conserved eukaryotic organelles that have many important cellular 

functions. They serve as basal bodies to template nucleation of cilia and flagella, and 

organise pericentriolar material (PCM) to form the centrosome. Most eukaryotic 

organisms have centrioles, including almost all animal cells, but higher plants and 

yeasts lack centrioles, although it is widely believed that they descended from a 

common ancestor that once contained centrioles (Carvalho-Santos et al., 2010; Hodges 

et al., 2010; Marshall, 2009).  

 

The major structural element of centrioles are microtubules (MTs), which are polarised 

structures assembled of heterodimeric subunits consisting of !- and #-tubulin (Fan et 

al., 1996). These heterodimers associate head-to-tail to form protofilaments. MTs are 

then formed through lateral association of usually 13 protofilaments to build long 

hollow tubes with a 25nm diameter. MTs grow by addition of GTP-bound heterodimers 

to the plus end (ending with a #-tubulin) (Mitchison, 1993), which form a stable GTP-

cap promoting MT growth (Figure 1.1A). After a short time the GTP bound to #-tubulin 

is hydrolysed to GDP, rendering the MT structure less stable. If GTP is hydrolysed 

before new dimers are added, MTs can rapidly disassemble (MT shrinkage) (Figure 

1.1A).  MTs alternate between these two states, a phenomenon called dynamic 

instability (Mitchison and Kirschner, 1984), allowing for rapid rearrangement of the MT 

cytoskeleton. In cells, MTs are often nucleated from "-tubulin ring complexes ("-
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TuRCs) consisting of "-tubulin and several other proteins, which together act as 

scaffolds for !/#-dimers to polymerise (Figure 1.1B) (Gunawardane et al., 2000; 

Kollman et al., 2011; Kollman et al., 2010; Moritz et al., 1995; Oegema et al., 1999; 

Zheng et al., 1995).  

 

Centrioles are cylindrical structures typically ~500nm long and ~250nm in diameter, 

and consist of 9 microtubule (MT) triplets, doublets or singlets, depending on the 

organism and cell type. In Drosophila embryos centrioles are only ~200nm long and are 

composed of MT singlets or doublets (Callaini et al., 1997; Moritz et al., 1995), while 

they are composed of triplets and can reach a length of up to 2.6µm in Drosophila 

primary spermatocytes (Gonzalez et al., 1998). Only the innermost MT protofilament in 

a centriole doublet or triplet is built from a complete ring of 13 protofilaments, as the 

outer B and C tubules are incomplete (Figure 1.1 C) (Linck and Stephens, 2007; Tilney 

et al., 1973). In contrast to the dynamic MTs of the cytoskeleton, MTs in the centriole 

are stabilised, presumably through posttranslational modifications of the tubulin 

heterodimers, such as polyglutamylation (Bobinnec et al., 1998b; Eddé et al., 1990), 

detyrosination (Gundersen and Bulinski, 1986) and acetylation (Piperno and Fuller, 

1985). In vertebrate cells mature centrioles carry distal and sub-distal appendages 

(Vorobjev and Chentsov Yu, 1982), which have been implicated in MT anchoring 

(Bornens, 2001) and ciliogenesis (Ishikawa et al., 2005; Joo et al., 2013; Sillibourne et 

al., 2013; Tanos et al., 2013). Interestingly, Drosophila centrioles do not appear to have 

equivalent appendage structures, even in primary spermatocytes (Gonzalez et al., 1998). 

 

In many organisms including Chlamydomonas, Paramecium, mammals, and Drosophila 

(Anderson and Brenner, 1971; Callaini et al. 1997, Cavalier-Smith, 1974; Dippell, 

1968) a central cartwheel structure is found at the centre of the centriole (Figure 
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1.1D,F). The cartwheel consists of a central hub of ~22nm diameter from which 9 radial 

spokes emanate towards the 9 microtubule triplets (Gönczy, 2012), and is important to 

establish the 9-fold symmetry of the centriolar MTs (Section 1.2.2). In some species 

(such as Drosophila) the cartwheel structure is usually found permanently in the 

centriole and extends throughout the centriole length, but in others (such as most 

vertebrates) it is lost in mature centrioles and is found only at the proximal end of the 

daughter centrioles (Alvey, 1985). In C. elegans centrioles do not contain a cartwheel 

structure, but rather a long central tube around which nine A tubules are assembled 

(Pelletier et al., 2006a).  

 

Several studies have attempted to identify the centriole proteome. Many candidate 

centriole and basal body proteins have been found by proteomic screens involving 

centrioles/basal bodies isolated from Chlamydomonas and Tetrahymena (Keller et al., 

2005; Kilburn et al., 2007). Genomic approaches have also proved to be very useful in 

finding new genes involved in cilia/basal body biogenesis by comparing the proteome 

of ciliated and nonciliated organisms (Avidor-Reiss et al., 2004; Li et al., 2004). 

Transcriptomic approaches further contributed to finding new candidate centriole and 

cilia proteins, for example by comparing the transcriptome of multiciliated mouse cells 

with the general mouse transcriptome (Hoh et al., 2012) and by analysing the 

transcriptome of Chlamydomonas undergoing ciliogenesis (Albee et al., 2013). 
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1.1.2 The centrosome 

Centrosomes consist of a pair of centrioles arranged in a perpendicular fashion, 

surrounded by an amorphous electron dense protein matrix, the PCM (Figure 1.1F) 

(Chrétien et al., 1997; Ibrahim et al., 2009; Paintrand et al., 1992; Vorobjev and 

Chentsov, 1982). The pair of centrioles consists of one older mother centriole and a 

younger daughter centriole. The PCM contains many proteins involved in nucleating, 

organising and stabilising MTs, allowing the centrosome to function as the major MT 

organising centre (MTOC) in many animal cells (Bornens, 2001; Doxsey et al., 2005). 

Further important functions of the centrosome comprise mitotic spindle assembly, cell 

motility and cell polarity, maintenance of cell shape and intracellular transport 

(Bettencourt-Dias and Glover, 2007; Bornens, 2012; Nigg and Raff, 2009; Rieder et al., 

2001).  

 

The most prominent function of centrosomes is the formation of the poles of the mitotic 

spindle. In most vertebrate cells the amount of PCM organised by the pair of centrioles 

remains constantly low during interphase and increases drastically during prophase 

(Khodjakov and Rieder, 1999) to facilitate efficient mitotic spindle assembly. In some 

cell types, centrosomes also organise MT arrays in interphase, for example in 

mammalian monocytes and fibroblasts (Rieder et al., 2001). The position of the 

interphase centrosome has been shown to be important for orientation of the leading 

edge in migrating cells (Gomes and Gundersen, 2006).  

 

Similarly, in most Drosophila somatic cells centrosomes do not appear to have a major 

role in MT nucleation in interphase, as centrioles organise little PCM and nucleate few, 

if any, MTs in interphase (Martinez-Campos et al., 2004; Rogers et al., 2008). There is 
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one system, however, where centrosomes have been shown to have a function outside 

mitosis in Drosophila. In asymmetrically dividing Drosophila neural stem cells 

(neuroblasts) the daughter centriole retains PCM during interphase (Conduit and Raff, 

2010; Januschke et al., 2011) and organises a MT aster that helps establish/maintain the 

orientation of asymmetric cell division (Januschke and Gonzalez, 2010). Interestingly, 

localisation of the protein centrobin to the daughter centriole is sufficient to drive PCM 

organisation by the daughter centriole in interphase neuroblasts (Januschke et al., 2013). 

 

Centrosomes have been suggested to act as “coordination centres” within the cell to 

which many proteins can localise in high concentrations. For example, many cell cycle 

regulators and checkpoint proteins are concentrated at centrosomes (Doxsey et al., 

2005). Cdk1/Cyclin B is first activated at centrosomes during the entry into mitosis 

(Jackman et al., 2003) and Cyclin B is first destroyed at centrosomes during the exit 

from mitosis in fly embryos (Huang and Raff, 1999; Wakefield et al., 2000). It has also 

been shown that the localisation of Cdk2/Cyclin E to centrosomes is required for the 

proper initiation of S-Phase (Ferguson and Maller, 2010), Aurora A and Polo/Plk1, 

which are important regulators of mitosis, also prominently localise to centrosomes 

(Barr and Gergely, 2007; Glover, 2005).  

 

Several proteins involved in DNA damage repair and stress response also localise to 

centrosomes. The centrosomal localisation of Chk1 has been suggested to regulate 

activation of centrosomal Cdk1/Cyclin B (Krämer et al., 2004; Sorino et al., 2013) and 

DNA damage leads to increased Chk2 localisation to centrosomes in Drosophila 

embryos (Takada et al., 2003). BRCA1 and p53 have been shown to localise to 

centrosomes in mitosis (Hsu and White, 1998; Tritarelli et al., 2004). Regarding the 

important functions of centrosomes it is not surprising that centrosome defects are 
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correlated with several human disorders, most notably cancer, microcephaly and 

dwarfism (Bettencourt-Dias et al., 2011; Nigg and Raff, 2009; Zyss and Gergely, 2009). 

It is intriguing that many of these disorders have also been linked to defective DNA 

damage repair (Section 1.2.1).  

1.1.3 Cilia and flagella 

Besides their role at the centrosome, centrioles are also required for the formation of 

cilia and flagella. It is thought that all species that form centrioles also form cilia at 

some stage of their life cycle (Marshall, 2009) and while centrioles can be dispensable 

for mitosis in many systems (Azimzadeh et al., 2012; Basto et al., 2006; Khodjakov et 

al., 2000; Mahoney et al., 2006) (Section 1.2.5), they are strictly required for the 

formation of cilia and flagella (Dawe et al., 2006). When a centriole migrates to the cell 

cortex to form a cilium or flagellum, it becomes known as a basal body.   

 

Cilia and flagella are structurally similar and their names are often used 

interchangeably. They consist of an axoneme that extends directly from the centriole 

MTs and is surrounded by a ciliary membrane (Figure 1.1G). The axoneme consists of 9 

doublet MTs, which directly grow out of the MT triplets of the basal body. Motile cilia 

have an additional MT pair in the middle of the axoneme (Figure 1.1E) (9 + 2 

arrangement), while nonmotile or primary cilia lack the central pair (9 + 0 arrangement) 

(Singla, 2006). Motile cilia also have dynein arms which allow the MT doublets to slide 

relative to each other by ATP-dependent conformational changes of dynein heavy 

chains, enabling the cilia to beat (Fliegauf et al., 2007). The term nonmotile cilia is 

potentially misleading, however, as at least some 9 + 0 cilia can exhibit some motility 

(Nonaka et al., 1998). 
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Ciliogenesis usually occurs in quiescent cells (G0) or during G1 phase of the cell cycle 

in proliferating cells. As basal bodies migrate to the cell surface and dock onto the actin-

rich cortex, they associate with membrane vesicles during a process called ciliary 

vesicle docking (Ishikawa and Marshall, 2011; Sorokin, 1962). Many proteins of the 

distal and subdistal appendages of centrioles have been shown to be important for this 

process (Ishikawa et al., 2005; Joo et al., 2013; Sillibourne et al., 2013; Tanos et al., 

2013). After fusion of the ciliary vesicle with the plasma membrane, the basal body 

nucleates MTs, which grow out to form the axoneme. This requires the selective 

transport of ciliary proteins to the tip of the cilium by intraflagellar transport (IFT) 

(Ishikawa and Marshall, 2011). Mammalian epithelial cells can often be multiciliated 

and in this case centrioles are amplified prior to ciliogenesis, which can lead to 

production of 200-300 centrioles per cell (Dawe et al., 2006). 

 

Cilia and flagella can have various functions (Satir and Christensen, 2008). For 

example, motile cilia in multiciliated cells in the mammalian respiratory tract clear out 

debris (Afzelius, 1976), and also have chemosensory functions (such as the bitter taste 

sensation), which can be positively coupled with the beat frequency (Shah et al., 2009). 

Primary cilia are present on most vertebrate cells and sense mechanical and chemical 

signals. For example, primary cilia in renal epithelial cells measure the flow of the 

surrounding fluid (Nauli et al., 2003). Primary cilia are important during mammalian 

development, for example they perform a twirling motion on the embryonic node which 

creates a leftward flow essential for the development of the left/right axis of the embryo 

(Nonaka et al., 1998). Furthermore, cilia function has been implicated in several 

signalling pathways in vertebrates, such as the Sonic hedgehog (Shh), Wnt, PDGFR and 

Notch signalling pathways (Berbari et al., 2009; Eggenschwiler and Anderson, 2007; 

Ezratty et al., 2011). Remarkably, it appears that cilia are essential for all Shh signalling 



 

     10 

in vertebrates, and mice with mutations in IFT machinery proteins have developmental 

defects related to compromised Shh signalling (Corbit et al., 2005; Huangfu et al., 

2003). 

 

Given these diverse roles for cilia in mammals, it is not surprising that ciliary defects 

are implicated with a growing group of diseases in humans called ciliopathies (Badano 

et al., 2006). These include abnormalities in left/right asymmetry (situs inversus) 

(Nonaka et al., 1998), polycystic kidney disease, retinitis pigmentosa, and other 

ciliopathic genetic disorders such as Meckel-Gruber and Bardet-Biedl syndrome 

(Badano et al., 2006; Eley et al., 2005; Nigg and Raff, 2009).  

 

In Drosophila cilia are only found in the male germline in form of the sperm flagellum, 

and on type I sensory neurons of the peripheral nervous system, which innervate 

mechano- and chemosensory bristles. Furthermore, Hedgehog signalling is not 

connected with cilia in Drosophila (Roy, 2012).  

 

1.2 Centriole duplication 

1.2.1 The importance of controlling centrosome numbers and 

centrosome integrity 

Centriole duplication is tightly correlated with cell cycle progression: it happens once, 

and only once, per cell cycle. Given the key functions of centrosomes (Section 1.1.2) it 

is vitally important that centriole duplication and centrosome formation is tightly 

regulated. Failure of centriole duplication would lead to cells without centrioles. 

Centrosomes nucleate the majority of mitotic spindle MTs and although most cells can 
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still divide without centrioles by using alternative spindle assembly pathways (Section 

1.4), centrioles are essential for development in many embryonic systems such as 

Xenopus, Drosophila and C. elegans (Kirkham et al., 2003; Klotz et al., 1990; Leidel 

and Gönczy, 2003; Stevens et al., 2007). 

 

Moreover, defects in centrosome integrity can have devastating effects in at least some 

vertebrate cells. Mutations in several centrosomal genes have been implicated in the 

neurodevelopmental disorder autosomal recessive primary microcephaly (MCPH) 

which causes a small brain size in patients (Woods et al., 2005). These include 

mutations in CENPJ/CPAP/HsSAS-4, CEP215/CDK5RAP2, ASPM, STIL/SIL, 

MCPH1, WDR62, NDE1, CEP135, CEP63, CDK6 and CEP152/Asl (Alkuraya et al., 

2012; Bakircioglu et al., 2012; Bond et al., 2005; Dauber et al., 2012; Guernsey et al., 

2010; Gul et al., 2006; Hussain et al., 2012; Hussain et al., 2013; Jackson et al., 2002; 

Kumar et al., 2009; Shen, 2005; Sir et al., 2011; Yu et al., 2010). The small brain size 

has been suggested to be caused by misregulation of symmetric and asymmetric cell 

divisions during neural development (Woods et al., 2005). Mutations in the 

centriolar/centrosomal proteins Pericentrin, CEP152/Asl and CENPJ/CPAP/HsSAS-4 

can also cause other phenotypes in humans, such as primordial dwarfism and Seckel 

syndrome (Al-Dosari et al., 2010; Griffith et al., 2008; Kalay et al., 2010; Rauch et al., 

2008), pathologies often associated with defective DNA damage signalling, leading to 

increased genomic instability. A mouse model with a hypomorphic mutation in CENPJ 

recapitulates many of the clinical features of Seckel syndrome, and also leads to large 

scale genomic instability, increased cell death and mitotic failure, which presumably 

contributes to the dwarfism associated with Seckel syndrome (McIntyre et al., 2012).  

 



 

     12 

When centrioles duplicate more than once per cell cycle this leads to centrosome 

amplification, and can have similarly deleterious effects. Centrosome amplification is a 

common feature of many tumours (Chng and Fonseca, 2009; Guo et al., 2007; Jung et 

al., 2007; Kawamura et al., 2003; Kayser et al., 2005; Nakajima et al., 2004; Pihan et 

al., 1998; Pihan et al., 2001). Moreover, it could be shown that centrosome defects 

appear in the earliest identifiable steps in human cancer (Lingle et al., 2002; Pihan et al., 

2003), which suggests that they might promote tumourigenesis rather than arising as a 

byproduct of oncogenic transformation. Centrosome amplification usually correlates 

with the grade of chromosomal instability and can be used as a measurement of the 

aggressiveness of a tumour (Zyss and Gergely, 2009). As early as 1914 it had been 

suggested that aneuploidy caused by missegregation of genetic material is responsible 

for tumour formation and that changes in centrosome number could be responsible for 

this effect by assembling multipolar spindles (Boveri, 2008; Boveri, 1914).  

 

Although there is plenty of observational evidence, there still is little experimental proof 

to support the model that centrosome amplification causes genomic instability and as a 

result cancer (Zyss and Gergely, 2009). The first causative relationship between 

centrosome amplification and tumourigenesis has been demonstrated in Drosophila, 

where transplantation of tissue with amplified centrosomes into the abdomen of an adult 

fly can lead to overgrowth of the respective tissue (Basto et al., 2008). These tumours 

share many traits with human tumours, for example they become immortal, metastatic 

and highly aneuploid (Basto et al., 2008).  

 

It has long been assumed that amplified centrosomes would promote tumourigenesis by 

forming multipolar spindles, which would lead to aneuploid daughter cells (Boveri 

1914; Boveri 2008). Recently it has been shown that the mechanism by which 
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supernumerary centrosomes can cause chromosomal instability is a bit more complex 

(Ganem et al., 2009; Silkworth et al., 2009). Although cells with supernumerary 

centrosomes often initially form a multipolar spindle, these very rarely result in 

multipolar anaphases and almost all cells ultimately divide in a bipolar manner (Basto et 

al., 2008; Kwon et al., 2008). In the few cases where multipolar division actually occurs 

the daughter cells either undergo mitotic cell death or cell cycle arrest (Ganem et al., 

2009). Bipolar cell division is achieved through clustering and partial inactivation of 

extra centrosomes (Basto et al., 2008; Godinho et al., 2009; Kwon et al., 2008; Quintyne 

et al., 2005). Essential for efficient clustering of extra centrosome is the minus end-

directed motor HSET/Ncd (Basto et al., 2008; Kwon et al., 2008). Furthermore, the 

interaction between cell adhesion and the actin and MT cytoskeleton plays a role in 

suppressing multipolar mitoses in cells with extra centrosomes (Kwon et al., 2008).  

 

Thus, it appears that many cells with extra centrosomes, including cancer cells possess 

powerful mechanisms that suppress multipolar mitoses and thereby avoid the constant 

generation of highly aneuploid cells, which would not be viable. During the clustering 

of the initially multipolar spindles, however, some individual centromeres can attach to 

multiple centrosomes. When centrosome clustering takes place these centromeres can 

end up being attached to both spindle poles - a so called merotelic attachment (Ganem 

et al., 2009; Silkworth et al., 2009). As merotelic attachments are not recognized by the 

spindle assembly checkpoint (Cimini, 2008), mitosis proceeds and the chromosomes 

appear as lagging chromosomes in anaphase potentially generating chromosome 

missegregation (Ganem et al., 2009; Silkworth et al., 2009). The resulting chromosomal 

instability is considered by many to be a driving force for tumourigenesis (Gordon et al., 

2012; Holland and Cleveland, 2012a; Thompson et al., 2010). Furthermore, merotelic 

attachments can lead to the formation of micronuclei, which have been suggested to 
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further promote tumourigenesis as they can lead to impaired DNA replication and so to 

new mutations that drive tumourigenesis (Crasta et al., 2012; Hammond et al., 2013; 

Holland and Cleveland, 2012b). Interestingly, driving centrosome amplification 

specifically in the developing mouse central nervous system leads to microcephaly in 

these mice as a high proportion of neural stem cells fail to cluster supernumerary 

centrosomes, leading to aneuploidy and increased cell death (Marthiens et al., 2013). 

 

1.2.2 The centriole duplication cycle 

Centrioles are duplicated and segregated to the daughter cells in each cell division cycle. 

Centriole duplication is tightly correlated with the cell cycle and can be subdivided into 

several steps (Figure 1.2A). At the end of mitosis the pair of centrioles disengage, losing 

their tight orthogonal arrangement, a process which is required for licensing centriole 

duplication (Tsou and Stearns, 2006). After disengagement the centrioles are still 

connected by flexible cohesion fibres and this centriole cohesion has been shown to be 

dependent on the proteins Rootletin, Nek2 and C-Nap1 (Bahe, 2005; Faragher, 2003; 

Fry et al., 1998). Thus, each daughter cell inherits one pair of disengaged centrioles at 

the end of mitosis. Disengagement allows formation of a procentriole orthogonally to 

each mother centriole in S-phase. Electron microscopy studies have shown that the 

earliest structure observed during this process in Chlamydomonas, Paramecium and 

rhesus monkey cells is an amorphous disc. Next, a cartwheel structure consisting of a 

central hub and 9 radial spokes appears, and subsequently around this cartwheel the A-

tubules form, followed by the B- and C-tubules (Anderson and Brenner, 1971; Cavalier-

Smith, 1974; Dippell, 1968). The tubules elongate until the procentrioles have matured 

into fully-grown centrioles. In G2, as the cells prepare to enter mitosis, the two pairs of 

centrioles start to accumulate PCM and separate. This dramatic increase in PCM 
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recruitment is called centrosome maturation and enables centrosomes to nucleate more 

MTs for efficient spindle assembly during mitosis. 

 

Although centrioles are remarkably complex structures, two genome-wide RNAi 

screens in Drosophila tissue culture cells identified only a relatively small set of ~18 

genes that reduce centrosome numbers when knocked down (Dobbelaere et al., 2008; 

Goshima et al., 2007). In vivo, only 6 of these 18 genes appear to encode proteins that 

are absolutely essential for centriole duplication: Asl, Sak, Ana2, DSas-6, DSas-4 and 

Ana1, and the mutation of any one of these genes leads to the formation of flies that 

lack centrioles (Basto et al., 2006; Bettencourt-Dias et al., 2005; Blachon et al., 2009; 

Blachon et al., 2008; Peel et al., 2007; Rodrigues-Martins et al., 2007a) (this result for 

ana2 mutants is an unpublished result from our lab). Moreover, the overexpression of 

any of the first 5 proteins, but not of Ana1, can lead to centrosome amplification in at 

least some Drosophila tissues (Basto et al., 2008; Peel et al., 2007; Stevens et al., 

2010a). 

 

Asl (CEP152 in humans) appears to be essential for centriole duplication in flies, 

humans and zebrafish (Blachon et al., 2008; Cizmecioglu et al., 2010; Hatch et al., 

2010; Sir et al., 2011; Sonnen et al., 2013) but there is no obvious homologue of Asl in 

worms. Asl/CEP152 acts in centriole duplication by its ability to act as a scaffold and 

bind to Sak/Plk4 and DSas-4/CPAP (Dzhindzhev et al., 2010a) and recruit Sak/Plk4 to 

the centriole (Cizmecioglu et al., 2010; Dzhindzhev et al., 2010a; Hatch et al., 2010; 

Sonnen et al., 2013). Asl also has an important role in PCM recruitment (Bonaccorsi et 

al., 1998; Conduit et al., 2010; Dzhindzhev et al., 2010b; Lawo et al., 2012; Varmark et 

al., 2007) (Section 1.3.1).  
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Sak (Plk4 in mammalian cells, its functional counterpart in C. elegans is ZYG-1) is 

essential for centriole duplication in flies, human cells and worms (Bettencourt-Dias et 

al., 2005; Habedanck et al., 2005; O'Connell et al., 2001). It has been shown in C. 

elegans that ZYG1 recruits SAS-6 to the mother centriole by a direct interaction that is 

independent of the kinase activity of ZYG-1; during a second step, ZYG1 then 

phosphorylates an unknown protein (that almost certainly is not SAS-6), which is 

required for the stable assembly of SAS-6 into the centriole structure (Lettman et al., 

2013). ZYG1 is also needed for the recruitment of the C. elegans homologue of Ana2, 

SAS5, to the centriole (Delattre et al., 2004), and there is strong evidence that Sak also 

loads DSas-6 and Ana2 onto the centriole in Drosophila (Stevens et al., 2010b). 

 

Homologues of SAS-6 have been shown to be required for centriole duplication in 

Drosophila (Peel et al., 2007; Rodrigues-Martins et al., 2007a), Chlamydomonas 

(Nakazawa et al., 2007), Tetrahymena (Culver et al., 2009), D. rerio (Yabe et al., 2007) 

and human cells (Leidel et al., 2005; Strnad et al., 2007). SAS-6 is a component of the 

cartwheel and is required to establish the robust 9-fold symmetry of the centriole 

(Culver et al., 2009; Nakazawa et al., 2007; Rodrigues-Martins et al., 2007a; Stevens et 

al., 2010b). How this might be achieved has recently been elucidated by X-ray 

crystallography and EM, which reveal how SAS-6 forms homodimers through a C-

terminal coiled-coil domain, and these homodimers can interact through their N-

terminal domains to form oligomers (Kitagawa et al., 2011; Van Breugel et al., 2011). 

The structures of the SAS-6 homologues of D. rerio and C. reinhardtii suggest that 

several of these homodimers can assemble into cartwheel-like structure consisting of a 

central ring from which the coiled-coil domains of SAS-6 emanate as radial spokes 

(Kitagawa et al., 2011; Van Breugel et al., 2011). There is some evidence that a nine-

fold symmetric ring is the most stable oligomeric structure for SAS-6, potentially 



 

     18 

explaining why centrioles are always 9-fold symmetric (Kitagawa et al., 2011; Van 

Breugel et al., 2011). However, the N-terminal head group interaction is relatively 

weak, and it is unclear whether it would be sufficiently strong to enforce the strict 9-fold 

symmetry of the centriole (Cottee et al., 2011).  

 

Although the X-Ray structures did not indicate whether the SAS-6 cartwheel-like 

structures were organised as a stack or as a spiral inside centrioles in vivo (Cottee et al., 

2011), recent studies of the Trichonympha cartwheel by cryoelectron tomography have 

shown that the cartwheel consists of a stack with multiple segments. Each segment 

consists of two central rings that are joined by their spokes towards the periphery of the 

cartwheel (Guichard et al., 2012; Guichard et al., 2013). These stacked segments are 

asymmetric at the periphery (where the coiled coil regions of SAS-6 are closest to the 

centriolar MTs) giving the carthwheel a polarity along the proximal-distal axis 

(Guichard et al., 2012; Guichard et al., 2013). Intriguingly, the C. elegans SAS-6 coiled-

coil dimer can assemble into a spiral structure with 9-fold symmetry (Hilbert et al., 

2013), indicating that the architecture of the central tube in C. elegans centrioles may be 

quite different from the cartwheel structure found in Danio rerio, Trichonympha and 

Chlamydomonas reinhardtii.  

 

It is likely, that further proteins are needed for the robust oligomerisation of the 

cartwheel stack (Cottee et al., 2011; Guichard et al., 2013), and likely candidates are 

CEP135, DSAS-4/CPAP and Ana2/STIL. CEP135 has been implicated in the structural 

integrity of the cartwheel in flies, human cells and Chlamydomonas (Hiraki et al., 2007; 

Lin et al., 2013; Roque et al., 2013) presumably by linking the cartwheel to the outer 

MTs. Ana2/STIL/SAS5 is required for centriole duplication in flies, human cells and 

worms (Arquint et al., 2012; Delattre et al., 2004; Stevens et al., 2010a; Tang et al., 
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2011; Vulprecht et al., 2012). It has been shown in flies and worms that DSas-6/SAS-6 

and Ana2/SAS-5 are recruited to the procentriole in a complex, and this recruitment is 

dependent on Sak/ZYG-1 (Delattre et al., 2006; Pelletier et al., 2006a; Stevens et al., 

2010b). SAS-6 and SAS-5 together form the central tube in C. elegans, and recruit 

SAS-4 (Delattre et al., 2006; Pelletier et al., 2006b). DSas-4/SAS-4/CPAP is required 

for centriole duplication in mammalian cells, Drosophila, C. elegans and Paramecium 

(Basto et al., 2006; Gogendeau et al., 2011; Kleylein-Sohn et al., 2007; Leidel and 

Gönczy, 2003). In C. elegans the addition of the centriolar MTs is dependent on SAS-4 

(Delattre et al., 2006; Pelletier et al., 2006b), but its molecular role in Drosophila has 

yet to be identified. In mammalian cells CPAP recruits tubulin dimers to the growing 

procentriole and is required for the elongation of centrioles, and overexpression of 

CPAP leads to abnormally long centrioles (Kohlmaier et al., 2009; Schmidt et al., 2009; 

Tang et al., 2009). In human cells, flies, worms and zebrafish Ana2/STIL/SAS-5 and 

DSas-4/CPAP/SAS-4 interact (Cottee et al., 2013; Tang et al., 2011; Vulprecht et al., 

2012), and this interaction is essential for centriole assembly (Cottee et al., 2013). 

 

Taken together, the five proteins Asl, Sak, DSas-6, Ana2 and DSas-4 represent the core 

centriole duplication factors in Drosophila (Stevens et al., 2010a). A combination of the 

existing literature in flies and other species and unpublished data from our lab suggests 

that they act in a putative pathway where Asl recruits Sak to the centriole (Dzhindzhev 

et al., 2010b), which then in turn is required to load on a complex of Ana2 and DSas-6 

(Stevens et al., 2010b) and phosphorylate an unknown target critical for cartwheel 

formation (Lettman et al., 2013). Next, DSas-4 is recruited to the centriole, which 

finally loads on Asl on the newly formed centriole (both unpublished results from our 

lab) (Figure 1.2B). Asl also initiates PCM recruitment in flies, as it is important for 

recruitment of the PCM proteins Spd-2 and Cnn to the centriole (Section 1.3.1 and 
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Section 3.1) (Bonaccorsi et al., 1998; Conduit et al., 2010; Dzhindzhev et al., 2010a; 

Varmark et al., 2007). Although Ana1 is required for centriole duplication in 

Drosophila (Blachon et al., 2009), I do not include it as a core duplication factor here as 

its overexpression does not lead to centrosome amplification and its molecular role is 

still unclear.  

 

In other organisms, there are several additional proteins that are also implicated in 

centriole duplication. For example, in C. elegans Spd-2 is essential for centriole 

duplication by recruiting the Sak/PLK4 functional homologue Zyg1 to the mother 

centriole (Kemp et al., 2004; O'Connell et al., 2000; Pelletier et al., 2004). In contrast, in 

flies Spd-2 is only required for PCM recruitment (Conduit et al., 2010; Dix and Raff, 

2007; Giansanti et al., 2008). Recent data suggest that in human cells the homologues of 

Spd-2 (CEP192) and Asl (CEP152) act redundantly in centriole duplication by 

recruiting Sak/PLK4 to the centriole (Sonnen et al., 2013). Furthermore, in human cells 

there are several additional duplication factors, for example CEP63 is involved in 

centriole duplication in human and mouse cells by forming a complex together with 

CEP152 which has been shown to be important for efficient SAS-6 recruitment (Brown 

et al., 2013; Sir et al., 2011). There is no Drosophila homologue known for CEP63. 

 

1.2.3 De novo centriole formation  

Centriole duplication does not necessarily have to be templated by a mother centriole. In 

some organisms de novo formation of centrioles has been observed, for example in the 

early mouse embryo (Gueth-Hallonet et al., 1993) and in parthenogenic Hymenopteran 

insects (Riparbelli et al., 1998; Riparbelli et al., 2005; Tram and Sullivan, 2000). 

Planarians have also been shown to live without centrioles in all of their cells, but they 
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can form centrioles de novo in cells that will become multiciliated (Azimzadeh et al., 

2012). Centriole ablation in human cultured cells and in Chlamydomonas often leads to 

de novo formation of new centrioles, and this process seems to require the same proteins 

as canonical centriole duplication (Khodjakov, 2002; La Terra, 2005; Marshall et al., 

2001). In Drosophila, the individual overexpression any one of the five canonical core 

duplication proteins can lead to the de novo formation of centriole-like structures 

(Dzhindzhev et al., 2010b; Peel et al., 2007; Rodrigues-Martins et al., 2007c; Stevens et 

al., 2010a) and in the case of Sak and Asl these structures appear to contain bona fide 

centrioles (Dzhindzhev et al., 2010b; Rodrigues-Martins et al., 2007c). 

 

1.2.4 Mechanisms controlling centriole numbers 

As discussed in Section 1.2.1, having too many or no centrosomes can have deleterious 

effects on cells and organisms. Therefore there are several mechanisms in the cell to 

ensure that each daughter cell inherits exactly one pair of centrioles after each cell 

division, and that only one procentriole is formed next to each mother centriole during 

centriole duplication.  

 

Centriole duplication begins near the G1-S boundary and lasts until G2 (Doxsey et al., 

2005), and only during this time are conditions in the cell permissive for centriole 

duplication. It has been shown in Xenopus egg extracts and mammalian cells that the 

activity of Cyclin-dependent kinase 2 (Cdk2) in complex with cyclin E is required for 

centriole duplication (Hinchcliffe, 1999; Matsumoto et al., 1999). So far two centriolar 

Cdk2 targets have been found, nucleophosmin and CP110 (Chen et al., 2002; Okuda et 

al., 2000); Nucleophosmin in particular appears to be a good candidate to control 

centriole duplication as Nucleophosmin phosphorylated by Cdk2 gets removed from the 
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centrosome in S-Phase, allowing duplication to take place (Okuda et al., 2000). 

Interestingly, however, Nucleophosmin has not been identified in several genome-wide 

RNAi screens that have identified factors required for centriole duplication (Dobbelaere 

et al., 2008; Goshima et al., 2007). Cdk2 also appears to control centriole duplication in 

mice by stabilising Mps1p kinase, which promotes centriole duplication in S phase 

(Fisk and Winey, 2001). Mps1 has a well-conserved role in spindle checkpoint function 

(Musacchio and Salmon, 2007), but, as with Nucleophospmin, its role in centriole 

duplication remains somewhat controversial (Stucke et al., 2002). 

 

Plk2 is activated at the G1-S phase transition and has also been shown to function in 

centriole duplication (Warnke et al., 2004). In human cell culture, Plk2 phosphorylates 

CPAP and this phosphorylation is critical for procentriole formation (Chang et al., 

2010). Furthermore, Plk2 phosphorylation of F-box/WE repeat-containing protein 7 

(Fbxw7) induces destabilisation of Fbxw7, and Fbxw7 is a regulator of ubiquitin-

mediated degradation of cyclin E, which promotes centriole duplication in complex with 

Cdk2 (Cizmecioglu et al., 2012).  

 

Prolonged S phase alone, however, is usually not sufficient to enable cells to undergo 

repeated cycles of centriole duplication (Fisk and Winey, 2001), indicating that there are 

further mechanisms that license centriole duplication. It is known that at the end of 

mitosis the pair of centrioles disengages by losing the tight orthogonal arrangement, and 

this process is required to enable centrioles to duplicate (Tsou and Stearns, 2006). It has 

been shown that centriole disengagement is dependent on Separase in Xenopus egg 

extract and human cells (Tsou and Stearns, 2006; Tsou et al., 2009b), and, in analogy to 

cleavage of cohesin around the chromatids in mitosis (Uhlmann et al., 1999), there is 

some evidence that Separase is responsible for cleavage of Cohesin at the centrioles in 
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human cells, although how this might enable centriole disengagement is unclear 

(Schöckel et al., 2011). In Drosophila, however, cleavage of Cohesin does not appear to 

be sufficient for centriole disengagement (Oliveira and Nasmyth, 2013). It has recently 

been shown that Plk1 also has an important role in promoting centriole disengagement, 

and this may even be more important than the role of Separase (Tsou et al., 2009a). 

 

Another major regulatory mechanism of centriole duplication appears to be the tight 

regulation of the levels of several key centriole duplication factors. The levels of 

Sak/Plk4 in the cell are very low and are tightly regulated; this is accomplished, at least 

in part, by trans-autophosphorylation of Sak/Plk4. The SCF (Skp/Cullin/F-box) E3 

ligase recognises autophosphorylated Sak/Plk4 and targets it for degradation by the 

proteasome (Cunha-Ferreira et al., 2009; Guderian et al., 2010; Rogers et al., 2009; 

Sillibourne et al., 2010) (discussed in more detail in Section 4.1). The tight regulation of 

Sak/Plk4 levels have been shown to be crucial, as overexpression leads to centriole 

overduplication (Kleylein-Sohn et al., 2007; Peel et al., 2007). Furthermore, in human 

cultured cells, levels of SAS-6 are correlated with the cell cycle and this is important to 

restrict procentriole formation (Strnad et al., 2007). It has been shown that the SCF E3 

ligase together with Fbxw5 as substrate-targeting unit targets SAS-6 for destruction 

(Puklowski et al., 2011). 

 

1.2.5 Flies with abnormal centrosome numbers  

Flies with mutations in genes for any of the core centriole duplication proteins lack 

centrioles (Basto et al., 2006; Bettencourt-Dias et al., 2005; Blachon et al., 2008; 

Blachon et al., 2009; Peel et al., 2007; Rodrigues-Martins et al., 2007a). These flies can 

duplicate centrioles during embryonic stages due to the maternal contribution of mRNA 
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and protein into the embryo, but subsequently lose their centrioles during larval stages. 

Given the important functions of centrioles and centrosomes, it was very surprising 

when it was first shown that these flies can develop with near normal timing and eclose 

in near normal ratios to form morphologically normal adults (Basto et al., 2006). 

Somatic cell divisions took longer in these flies, but cells divided normally in a bipolar 

fashion by employing alternative pathways of spindle assembly (Section 1.4). There 

was only a small, but significant, increase in chromosome segregation errors. The adult 

flies that eclosed died, however, as they could not walk or feed due to the lack of 

primary cilia (caused by the lack of centrioles/basal bodies) in certain sensory neurons, 

which are essential for proprio-, mechano- and chemoreception (Basto et al., 2006). 

 

Although many cell types appeared to be relatively unperturbed by the lack of 

centrioles/centrosomes in flies, one cell type that seemed to be more sensitive to 

centrosome defects was the neural precursor cells in the larval central nervous system. 

These large stem-cell-like cells are called neuroblasts and normally divide 

asymmetrically to generate one self-renewing neuroblast and one smaller ganglion 

mother cell, which can then divide a few more times before differentiating into a neuron 

or glial cell (Doe, 2008; Knoblich, 2010). It is believed that centrosomes are important 

for asymmetrical divisions like this, because astral MTs emanating from the 

centrosomes contact the cell cortex to position the mitotic spindle according to various 

cortical cues (Betschinger and Knoblich, 2004; Gönczy, 2002). In cells lacking 

centrosomes, these neuroblasts divided symmetrically in 15% of the cases, or failed in 

cytokinesis in further 15% of cells (Basto et al., 2006). In contrast, female germ line 

stem cells, which also divide asymmetrically, are not perturbed by the lack of 

centrosomes (Stevens et al., 2007). 
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Although mutants that lose their centrioles during larval stages can develop to adulthood 

(Basto et al., 2006; Bettencourt-Dias et al., 2005; Blachon et al., 2008; Blachon et al., 

2009; Peel et al., 2007; Rodrigues-Martins et al., 2007a), centrioles are essential for 

some stages of development, as embryos lacking the centriole duplication factor DSas-4 

or DSas-6 arrest very early in development with very few nuclei that are almost always 

in a mitotic state (Stevens et al., 2007). Embryogenesis starts with 13 rapid cycles of 

nuclear division in a common cytoplasm, and is known to be particularly sensitive to 

centrosome defects (Gergely et al., 2000; Megraw et al., 1999). Nevertheless, it is 

unclear why embryos lacking centrosomes (apart from the centrosome brought in with 

the fertilising sperm) arrest in mitosis after only a few rounds of division. One 

possibility is that in flies the destruction of Cyclin B at the end of mitosis starts at 

centrosomes (Huang and Raff, 1999), and if these detach from the spindle in the 

embryo, Cyclin B is not properly destroyed leading to a mitotic arrest very similar to 

that seen in the DSas-4 and DSas-6 mutant embryos (Wakefield et al., 2000). Perhaps 

spindles lacking centrosomes cannot degrade Cyclin B in these embryos, leading to the 

mitotic arrest. 

 

Flies that overexpress the core duplication factor Sak driven by the ubiquitin promoter 

(SakOE flies) can also develop normally and eclose as morphologically normal adults 

(Basto et al., 2008). These flies are viable and fertile and can be kept as stocks in the 

lab, although a significant fraction of the eggs laid by SakOE females die during very 

early embryonic development for reasons that are not clear (and are not clearly related 

to the presence of extra centrosomes) (Peel et al., 2007). Cell divisions in SakOE larval 

brains and imaginal discs were slowed down, as cells with multiple centrosomes often 

formed multipolar spindles in prophase which activated the spindle assembly 

checkpoint (Yang et al., 2008). The spindle assembly checkpoint stalls mitosis until 
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multiple centrosomes have become clustered into two poles, a process which is 

dependent on the kinesin Ncd/HSET (Basto et al., 2008; Kwon et al., 2008). 

Accordingly, Mad2 (a component of the spindle assembly checkpoint) and Ncd, which 

are not normally essential in flies, were essential in flies that have too many 

centrosomes (Basto et al., 2008). Furthermore, similarly to flies lacking centrosomes, 

the asymmetric neuroblast divisions were perturbed in developing SakOE brains with 

~10% of neuroblasts dividing in a symmetrical manner (Basto et al., 2008).  

 

Intriguingly, brain tissue of flies that either lack centrosomes or have amplified 

centrosomes are prone to forming tumours in abdominal transplantation assays (Basto et 

al., 2008; Castellanos et al., 2008). The reason for this is unclear, but it is believed that 

tumour formation is in some way related to the failure in asymmetric neuroblast 

divisions (Castellanos et al., 2008; Gonzalez, 2007). When neuroblasts divide 

symmetrically rather than asymmetrically cell fate determinants that regulate self 

renewal can end up in both daughter cells, giving rise to two neuroblast-like daughters 

which both have the potential to self-renew (Lee et al., 2006; Wang et al., 2006).  This 

can lead to an expansion of the neuroblast pool (Basto et al., 2008) and overgrowth of 

the respective tissue (Gonzalez, 2007). It is still unclear, however, how malignant 

transformation of these tissues is driven – as tumours formed by brain tissue lacking 

centrosomes and having extra centrosomes develop many cancerous traits such as being 

highly aneuploid, metastatic and immortal (Basto et al., 2008; Castellanos et al., 2008). 

Perhaps the low levels of aneuploidy generated by centrosome loss or amplification are 

important for this transformation. 
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1.3 Pericentriolar Material (PCM) 

The PCM surrounding the centriole pair in centrosomes is the major source of MT 

nucleation in most cells. It has been described as a complex lattice structure consisting 

of protein aggregates (Dictenberg et al., 1998). Recently, super-resolution microscopy 

has demonstrated that the interphase PCM is organised into spatial subdomains. In 

centrosomes of both human and Drosophila cells different PCM proteins were 

organised in a toroidal pattern with progressively larger, overlapping diameters (Fu and 

Glover, 2012; Lawo et al., 2012; Mennella et al., 2012; Sonnen et al., 2012). The 

Asl/CEP152 and Spd-2/CEP192 rings were localised closer to the centriole, while the 

"$tubulin and Cnn/CDK5RAP2 toroids were in the outer region of the PCM. 

Interestingly in both Drosophila and human cells, Pericentrin and DPLP (Drosophila 

pericentrin like protein) were organised in the shape of fibrils that emanated from the 

centriole and spanned the width of the interphase PCM, with the C-terminal domain 

binding to the centriole and the N-terminal domain extending out into the periphery 

(Lawo et al., 2012; Mennella et al., 2012). In fly cells, DPLP seems to be essential for 

organising the interphase PCM (Mennella et al., 2012), although it seems that the 

centrosomes in many Drosophila cell types often organise very little PCM during 

interphase (Martinez-Campos et al., 2004; Rogers et al., 2008). The organisation of the 

PCM during mitosis (when the PCM is much larger) was also investigated in some of 

these studies, and, although less clearly organised than the interphase PCM, there were 

hints that the mitotic PCM is also organised into subdomains (Fu and Glover, 2012; 

Lawo et al., 2012; Mennella et al., 2012; Sonnen et al., 2012).  

 

PCM proteins, such as Asl, Spd-2, Cnn and DPLP tend to be large proteins with many 

predicted coiled-coil domains (Santos et al., 2013), enabling them to function as 
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scaffolds for the recruitment of other proteins. It is known, for example, that Cnn can 

directly recruit "-tubulin, DTACC and Msps to centrosomes in Drosophila (Zhang and 

Megraw, 2007), proteins that either nucleate or stabilise MTs. "-tubulin is a part of the 

"-TuRC, a protein complex that directly nucleate MTs by enabling !/# dimers to 

polymerise (Gunawardane et al., 2000; Kollman et al., 2010; Kollman et al., 2011; 

Moritz et al., 1995; Oegema et al., 1999; Zheng et al., 1995). TACC proteins cooperate 

with Msps/XMAP215/ch-TOG to directly regulate MT dynamics and stabilise 

centrosomal MTs (Barros et al., 2005; Gergely et al., 2003; Kinoshita et al., 2002; Lee 

et al., 2001). 

 

The PCM allows the centrosome to function as a “coordination centre” where many 

proteins implicated in cell cycle regulation, DNA damage repair and stress response can 

come together at high concentrations (Section 1.1.2) (Doxsey et al., 2005; Hsu and 

White, 1998; Jackman et al., 2003; Krämer et al., 2004; Sorino et al., 2013; Tritarelli et 

al., 2004). Several proteomic screens have attempted to identify a complete inventory of 

centrosomal proteins over the last years and these studies have suggested that several 

hundred proteins may localise to the PCM (Andersen et al., 2003; Habermann and 

Lange, 2012; Jakobsen et al., 2011; Müller et al., 2010; Reinders et al., 2006). Although 

several of the protein-protein interactions involved in the formation of several 

subcomplexes of centrosomal proteins have been identified, we have very little 

understanding of how the many hundreds of proteins in the PCM are organised to form 

a functional structure. Furthermore, many centrosomal proteins undergo 

posttranslational modifications such as phosphorylation (Habermann et al., 2012), 

SUMOylation (Cheng et al., 2006; Klein and Nigg, 2009) and ubiquitylation (Li et al., 

2013; Puklowski et al., 2011) and further studies are needed to elucidate how these 

modifications might regulate centrosome assembly and function.  
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1.3.1 PCM recruitment 

The amount of PCM organised by the pair of centrioles increases dramatically at the 

onset of mitosis. For example, in rat kangaroo kidney epithelial cells, the amount of "-

tubulin increases 3-5 fold in late prophase (Khodjakov and Rieder, 1999) and the 

increase in the amount of PCM coincides with an increase in the size of centrosomal 

asters (Palazzo et al., 2000).  

 

Fluorescent recovery after photobleaching (FRAP) experiments of several PCM 

proteins have shown that the PCM is a highly dynamic structure, and that its 

components rapidly exchange between the centrosome and cytoplasm with half 

maximal recovery times often in the order of seconds or minutes (Conduit et al., 2010; 

Kishi et al., 2009; Mahen et al., 2011; Stenoien et al., 2003). Interestingly, while most 

proteins recover evenly throughout the PCM, some proteins including Cnn and Spd-2 

first recover in the centre of the centrosome and subsequently spread out through the 

PCM, indicating that their binding sites are located close to the surface of the centriole 

(Conduit et al., 2010; and unpublished observations).  

 

Several proteins have been implicated in centrosome maturation, these include DSas-

4/CPAP (Cho et al., 2006; Gopalakrishnan et al., 2012; Gopalakrishnan et al., 2011), 

DPLP/Pericentrin (Fu and Glover, 2012; Lawo et al., 2012; Martinez-Campos et al., 

2004; Mennella et al., 2012; Sonnen et al., 2012; Zimmerman et al., 2004), Asl/CEP152 

(Bonaccorsi et al., 1998; Dzhindzhev et al., 2010b; Lawo et al., 2012; Varmark et al., 

2007), Spd-2/CEP192 (Decker et al., 2011; Dix and Raff, 2007; Giansanti et al., 2008; 

Gomez-Ferreria et al., 2007; Joukov et al., 2010; Pelletier et al., 2004; Zhu et al., 

2008b), Cnn/CEP215/CDK5RAP2 (Barr et al., 2010; Choi et al., 2010; Conduit et al., 
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2010; Lucas and Raff, 2007; Megraw et al., 1999), Dgp71WD/NEDD1 (Haren, 2006; 

Haren et al., 2009a; Lüders et al., 2005; Manning et al., 2010), "-tubulin (Hannak, 2002; 

Sunkel 1995) and the kinases Polo/Plk1 and Aurora A (Berdnik and Knoblich, 2002; 

Blagden and Glover, 2003; Hannak, 2001; Hirota et al., 2003; Lane and Nigg, 1996; 

Lee and Rhee, 2011; Mahen and Venkitaraman, 2012; Sunkel and Glover, 2005). It has 

been challenging to define a molecular pathway of PCM assembly, partly because 

different proteins seem to have quite different impact on PCM assembly in different 

systems and even in different cell types. For example in mammalian cells, PCM 

recruitment is dependent on Pericentrin and RNAi of Pericentrin in human cultured cells 

leads to dramatic reduction of the centrosomal levels of CEP215/CDK5RAP2, CEP192 

and "-tubulin (Gomez-Ferreria et al., 2007; Haren et al., 2009b; Lee and Rhee, 2011; 

Zhu et al., 2008a). In cultured Drosophila cells DPLP appears to play a major part in 

recruiting interphase PCM, and a less major part in recruiting PCM to mitotic 

centrosomes. Depletion of Pericentrin leads to complete loss of interphase PCM and a 

significant reduction of Cnn, Spd-2 and "-tubulin staining in the mitotic PCM matrix 

(Dobbelaere et al., 2008; Mennella et al., 2012). In contrast, in Drosophila cells in vivo 

DPLP has been shown to only have a relatively minor role in mitotic PCM recruitment. 

Disruption of DPLP function in embryos by injection of antibodies directed against 

DPLP only has only a minor effect on the rate of Cnn recruitment and the amount of 

Cnn in the PCM (Conduit et al., 2010); and Drosophila dplp mutants only have reduced 

levels of "-tubulin in mitotic brain cells (Martinez-Campos et al., 2004). Recent 

published and unpublished data from our lab have demonstrated that in Drosophila the 

proteins Asl, Spd-2 and Cnn appear to be particularly important for PCM recruitment to 

mitotic centrosomes (Conduit et al., 2010; Conduit et al., manuscript in preparation) 

(this is discussed in more detail in the Introduction to Chapter 3, Section 3.1). 
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The mitotic kinases Polo/Plk1 and Aurora A are thought to be important regulators of 

mitotic PCM recruitment (Blagden and Glover, 2003). As they have multiple roles in 

mitosis, it can be challenging to analyse their specific roles in PCM recruitment (Barr 

and Gergely, 2007; Glover, 2005). In Drosophila cultured cells Polo appears to regulate 

PCM recruitment, and Cnn is phosphorylated specifically in mitosis in a Polo dependent 

manner (Dobbelaere et al., 2008).  Aurora A is required for recruitment of "-tubulin to 

the PCM in C. elegans and human cells (Hannak, 2001; Hirota et al., 2003), but in 

Drosophila its role is less clear. It has been shown to be required for the recruitment of 

Cnn and "-tubulin to mitotic centrosomes in asymmetrically dividing sensory organ 

precursor cells (Berdnik and Knoblich, 2002; Hutterer et al., 2006), but it seems to have 

a more minor role in Drosophila brain cells or in cultured Drosophila cells (Dobbelaere 

et al., 2008; Giet et al., 2002; Goshima et al., 2007). It has however been shown that 

Aurora A regulates PCM function, as Aurora A dependent phosphorylation of DTACC 

is important for the stabilisation of MTs by D-TACC-Msps/XMAP215 complexes in 

Drosophila embryos (Barros et al., 2005).  

 

Little is known yet about the regulation of PCM recruitment by dephosphorylation, but 

the Protein phosphatase 2A (PP2A) was found to be required for efficient mitotic PCM 

recruitment in a genome wide RNAi screen in cultured Drosophila cells (Dobbelaere et 

al., 2008). Protein phosphatase 4 (PP4) has been shown to localise to the mitotic 

centrosome in C. elegans, and loss of PP4 affected centrosomal "-tubulin and Plk1 

localisation (Sumiyoshi et al., 2002). 

 

Although generally centrioles are required for efficient PCM assembly (Basto et al., 

2006; Bobinnec et al., 1998a), it should be noted that some PCM can still be organised 

on some spindle poles that lack centrioles. This is, for example, the case in cultured 
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Drosophila cells that lack centrioles (Debec et al., 1995; Moutinho-Pereira et al., 2009) 

and I show that it is also the case in some Drosophila cells that lack centrioles in vivo 

(Chapter 6). Moreover, Pericentrin and "-tubulin on the acentrosomal poles of mouse 

meiotic spindles in oocytes even appear to adapt the same unique lattice structure that is 

typical for PCM (Dictenberg et al., 1998). 

 

1.4 Mechanisms of spindle assembly 

In mitosis, the replicated chromosomes must be equally divided between the two 

daughter cells, a process that is performed by a complex cytoskeletal machine, the 

mitotic spindle. Spindle formation starts in prophase and culminates in metaphase, when 

the chromosomes become aligned at the spindle equator with each of the two sister 

chromatids connected to one of the two opposing poles. There are three classes of MTs 

in the mitotic spindle: astral MTs, which radiate away from the centrosomes and can 

interact with the cell cortex to position the spindle inside the cell; kinetochore MTs, 

which form bundles of 20-40 parallel MTs (Rieder, 1981) called K-fibres and tether the 

kinetochore of a chromosome to a spindle pole; and polar MTs, which overlap at the 

equator of the spindle and are crosslinked by plus end directed motor proteins that push 

the two halves of the spindle apart (Figure 1.3A) (Alberts et al., 2008). It is now widely 

believed that several MT nucleation pathways act in the cell to ensure efficient bipolar 

spindle assembly. 
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1.4.1 Centrosomal spindle assembly 

MT nucleation by the centrosome is performed by "-tubulin, which forms the "-tubulin 

small complex ("-TuSC) together with "-tubulin complex components (GCP) 2 and 3. 

Several "-TuSCs together with additional GCPs form the "-tubulin ring complex ("-

TuRC), which templates MT polymerisation (Kollman et al., 2011). As cells prepare for 

mitosis, the MT cytoskeleton becomes more dynamic, leading to the disassembly of the 

interphase MT network (Belmont et al., 1990). Concomitantly, the centrosomes 

organise more PCM and their MT nucleation capacity increases dramatically (Section 

1.3.1). Based on this, the “search and capture” model for spindle assembly was 

proposed (Kirschner and Mitchison, 1986). This model suggested that the dynamic MTs 

nucleated by the centrosomes grow and shrink and thereby explore the cytoplasm until 

they become captured by a kinetochore, which would ultimately lead to the assembly of 

a bipolar spindle (Kirschner and Mitchison, 1986) (Figure 1.3B). Recent studies have 

suggested additional mechanisms normally cooperate with the search and capture 

mechanism to ensure proper spindle formation (Magidson et al., 2011; Wollman et al., 

2005).  

 

Higher plants lack centrioles (Schmit, 2002), and female meiosis in many species occurs 

without centrioles (Dumont and Desai, 2012). Furthermore, mitosis can occur in the 

absence of centrioles in cells or organisms that normally would have centrioles (Basto et 

al., 2006; Khodjakov et al., 2000; Mahoney et al., 2006). This demonstrates the 

existence of alternative pathways that are sufficient for spindle assembly. Nevertheless, 

in fly cells that normally have centrioles, bipolar spindle formation takes longer and is 

less accurate in the absence of centrosomes (Basto et al., 2006). 
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1.4.2 Chromosomal spindle assembly pathway 

Early experiments in which purified DNA and centrosomes were injected into Xenopus 

eggs showed that both were able to induce MT assembly (Karsenti et al., 1984), which 

was the first demonstration that chromatin played a role in MT formation. This was 

confirmed and extended by the incubation of DNA covered beads in Xenopus egg 

extracts, which induced the MT-motor protein dependent formation of a bipolar spindle 

around the beads in the absence of any centrosomes or kinetochores (Heald et al., 1996; 

Walczak et al., 1998). Studies over the past decade have shown that there are two 

distinct pathways for chromosomal MT assembly, one is dependent on GTP-bound Ran 

and one is triggered by the chromosomal passenger complex (CPC).  

 

The GTP-bound form of Ran GTPase is generated by the chromosome-associated Ran-

GTP exchange factor RCC1 whereas its GTPase activating protein RanGAP is 

cytoplasmic, which leads to a gradient of Ran-GTP surrounding the chromosomes 

(Kalab, 2002; Kalab and Heald, 2008). Ran-GTP binds to nuclear transport receptors of 

the importin # superfamily, which leads to transport of several MT-associated proteins 

into the nucleus that then trigger MT assembly and stability around the chromatin, such 

as for example TPX2, Aurora A, NuMA, HURP, Aurora B, Msps/XMAP215 

(Ciciarello et al., 2007; Kalab and Heald, 2008; Meunier and Vernos, 2012). Ran-GTP 

has also been shown to regulate MCRS1, a protein that binds to K-fibre minus ends and 

protects these from depolymerisation (Meunier and Vernos, 2011).  

 

MTs can assemble around chromatin also in the absence of a Ran-GTP gradient, and 

this process is dependent on the CPC (Kelly et al., 2007; Maresca et al., 2009). The 

CPC comprises the proteins INCENP, Survivin/BIRC5, borealin/CDCA8 and Aurora B 
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kinase and can promote spindle assembly partly by suppressing the MT destabilizing 

factor MCAK (Bolton et al., 2002; Sampath et al., 2004). There is evidence that the 

CPC detects the coincident presence of chromosomes and emerging MTs to promote 

MT assembly and thus confines spindle assembly to around the centromeres (Tseng et 

al., 2010). It is assumed that the Ran-GTP and CPC-dependent pathways work together 

by promoting MT nucleation near the chromatin and stabilisation of these MTs 

preferentially near the kinetochore (Maresca et al., 2009; Tulu et al., 2006). The plus 

ends of these chromatin induced MTs are captured by the kinetochores and continue to 

grow from there, leading to the formation of K-fibres (Khodjakov, 2003; Maiato et al., 

2004). 

 

Centrosomes are not essential for large parts of Drosophila development, as the 

chromosomal pathway of MT nucleation and the augmin pathway (see below) appear to 

be sufficient to drive bipolar spindle assembly in a manner that is efficient enough to 

cope with the demands of a developing fly (Basto et al., 2006). In contrast, the 

chromosomal pathway appears to be essential for cell division in flies as in misato (mst) 

mutants, where kinetochore-driven MT growth is inhibited, bipolar spindle assembly is 

disrupted, and the mutation results in larval lethality (Mottier-Pavie et al., 2011). 

Importantly, in the absence of centrosomes minus end directed motor proteins such as 

Ncd/HSET are essential to focus MT minus-ends into two spindle poles independently 

of centrosomes (Figure 1.3C) (Walczak et al., 1998).  

 

1.4.3 The augmin pathway 

The conserved Augmin/HAUS complex can nucleate additional MTs within the spindle 

by recruiting "-TuRCs to existing spindle MTs and has been identified in Drosophila, 
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human cells and Xenopus egg extracts (Goshima et al., 2008a; Lawo et al., 2009; 

Mahoney et al., 2006; Petry et al., 2013b; Wainman et al., 2009) (Figure 1.3D). This 

multiprotein complex consists of at least nine subunits and binds to spindle MTs where 

it nucleates a new MT that branches off the side of the existing MT, thereby leading to 

amplification of the total number of MTs in the spindle (Goshima et al., 2008b; 

Kamasaki et al., 2013; Meireles et al., 2009; Petry et al., 2013a; Ueharaa et al., 2009; 

Wainman et al., 2009; Zhu et al., 2009). Interestingly, the new MT is nearly parallel to 

the MT it branches off from, indicating that the augmin complex also promotes 

polarisation of the MT array (Kamasaki et al., 2013; Petry et al., 2013a). The absence of 

the augmin complex in cultured Drosophila cells leads to reduced K-fibre formation, 

spindle bipolarity defects and chromosome misalignment (Goshima et al., 2008b), while 

disruption of the HAUS complex in human cells has been shown to lead to centrosome 

fragmentation, destabilisation of K-fibres and defective chromosome segregation (Lawo 

et al., 2009; Ueharaa et al., 2009). In the absence of centrosomes MT amplification by 

the augmin complex is required, together with the chromosomal pathway, to build a 

bipolar spindle (Wainman et al., 2009). 

 

1.4.4 Other pathways of MT nucleation for spindle assembly 

In some cases spindle MTs can be nucleated from secondary MTOCs that are 

independent of centrosomes, chromosomes and the augmin/HAUS complex. For 

example, in centrosome-free mouse oocytes and early mouse embryos the spindle is 

organised by multiple acentrosomal MTOCs (aMTOCs) to which "-tubulin and 

Pericentrin have been shown to localise (Courtois et al., 2012; Schuh and Ellenberg, 

2007; Gueth-Hallonet et al.; 1993 #uksza et al., 2013; Palacios et al., 1993) (Figure 

1.3E). "-tubulin enriched aMTOCs that are able to mediate de novo MT formation have 



 

     38 

also been described in acentriolar Drosophila cultured cells (Moutinho-Pereira et al., 

2009) (Section 6.1). These aMTOCs also exist in acentriolar Drosophila mutants in vivo 

and in Chapter 6 I present a detailed analysis of the contribution of aMTOCs to spindle 

assembly in Drosophila. There is also evidence that in Drosophila spermatocytes the 

fenestrated nuclear envelope can nucleate MT bundles independently of chromosomes 

and centrosomes and so contribute to spindle assembly (Rebollo et al., 2004). 

 

1.4.5 The interplay of spindle assembly pathways 

The current view of spindle assembly is that the three major MT nucleation pathways, 

i.e. the centrosomal, chromosomal and augmin-mediated pathways, cooperate to drive 

efficient assembly of the mitotic spindle (Meunier and Vernos, 2012; O'Connell and 

Khodjakov, 2007).  Although in many cell types centrosomes appear to be the dominant 

source of spindle MTs, it is clear that all three pathways make important contributions. 

Chromatin and centromeres provide an environment that promotes MT assembly 

through the Ran-GTP and the CPC pathways (Section 1.4.2). In mammalian and 

Drosophila cultured cells the plus ends of these chromatin-induced MTs are captured by 

the kinetochores and continue to grow from there in a MT bundle (Khodjakov, 2003; 

Maiato et al., 2004). This leads to the formation of K-fibres with minus ends that are 

pushed away from the kinetochores, and these then either get directly captured by the 

MTs emanating from the centrosomes, or are transported poleward along astral 

microtubules by dynein motors, leading to the integration of the K-fibres into the 

bipolar spindle (Khodjakov, 2003; Maiato et al., 2004). The augmin complex finally is 

required for spindle MT amplification, which strengthens the mitotic spindle (Meunier 

and Vernos, 2012; O'Connell and Khodjakov, 2007). Thus, the traditional “search and 

capture” mechanism by which MTs nucleated by the centrosomes form a bipolar spindle 
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by capturing kinetochores has been extended to incorporate all three pathways of MT 

assembly. 

 

1.5 Thesis Outline 

During my DPhil studies I have analysed several different aspects of centrosome 

function and spindle assembly using the model system Drosophila melanogaster. The 

first half of my thesis focuses on the mechanisms of centrosome formation. In Chapter 3 

I describe my analysis of phosphorylation of certain PCM proteins and in Chapter 4 I 

address the role of Sak kinase in the centrosome formation pathway. The second half of 

my thesis elucidates the consequences of centrosome loss in Drosophila. In Chapter 5 I 

present a genome wide transcriptional analysis of flies without centrosomes and flies 

having extra centrosomes, and in Chapter 6 I will describe my detailed analysis of the 

contribution of aMTOCs to spindle formation in the absence of centrosomes in 

Drosophila. 
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2 Material and Methods 

2.1 Fly husbandry 

2.1.1 Fly handling 

Flies were kept at 18°C or 25°C on Drosophila culture medium (5.5% glucose, 5% 

yeast extract, 3.5% wheat flour, 1% penicillin/streptomycin, 0.75% agar, 0.4% 

propionic acid, 0.25% nipagen) in plastic vials or bottles. UAS/Gal4 crosses were also 

kept at 25°C. Embryos were collected on cranberry juice plates (25% cranberry juice, 

2.5% sucrose, 2.1% agar) supplemented with fresh yeast. Standard fly handling 

techniques were used (Roberts, 1986). 

2.1.2 Drosophila stocks 

For wild type controls, w67 or OregonR were used. Balancer chromosomes and markers 

used are described in Lindsley and Zimm, 1992, all other stocks used in this thesis are 

listed in Tables 2.1 - 2.3.  

Table 2.1. Transposon insertions, deletion mutants and deficiencies and EMS alleles. 

Fly stock Description/notes Origin/Reference 
P{GawB}SakNP6647 P-Element insertion in sak 

gene that could not be excised 
Bloomington Stock Center 

P{GSV1}GS3043 P-Element insertion in 5’UTR 
of cdk12 gene that was 
excised to cause sakAa74 
mutant 

Bloomington Stock Center 

sakDf(3L)Pc23 sak deficiency Bloomington Stock Center 
sakAa74 deletion of promoter and part 

of the sak gene 
this thesis 

sakc06612 PBac{PB}SAKc06612 
piggyBac insertion in sak 
gene causing hypomorphic 
mutation 

(Bettencourt-Dias et al., 2005) 

DSas-4s2214 P{lacW}l(2)s2214 P-element 
insertion in DSas-4 gene 
causing null mutation 

(Basto et al., 2006) 

DSas-6co2901 PBac{PB}Sas-6co2901 piggyBac (Peel et al., 2007) 
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insertion in DSas-6 gene 
causing null mutation 

ana2 EMS allele (Wang et al., 2011a) 
aslB46 deletion of promoter and part 

of asl gene causing null allele 
Zsofia Novak, Raff Lab, 
unpublished 

spd-2z35711 EMS null allele (Giansanti et al., 2008) 
spd-2Df(3L)st-j7 spd-2 deficiency Bloomington Stock Center 
spd-2G20143 P{EP}G20143 P-element 

insertion in spd-2 gene 
(Dix and Raff, 2007) 

cnnf04547 piggyBac insertion in cnn 
gene causing null allele 

(Lucas and Raff, 2007) 

cnnHK21 EMS induced null allele (Megraw et al., 1999; Vaizel-
Ohayon and Schejter, 1999) 

ncd1 spontaneous mutation (Endow et al., 1994) 
Sturtevant, 1929) 

dhc64C6-10 EMS hypomorphic allele (Gepner et al., 1996) 
mstLB20 EMS induced null allele (Mottier-Pavie et al., 2011) 
wacDelta12 deletion of most of the wac 

gene causing null allele 
(Meireles et al., 2009) 

 

2.1.3 Transgenic lines 

Transgenic fly strains were generated by injection of a transformation vector containing 

the transgene of interest (Section 2.2.5) into yw flies. Injection and selection of 

transgenic flies was performed by BestGene Inc. (Chino Hills, California) or the 

University of Cambridge Genetics Fly Facility. The transformation vector contains a 

white+ marker, and flies carrying the transgene are recognisable by their orange eye 

colour. I mapped the location of the transgene insertion to determine the chromosome 

carrying the insertion using standard crossing schemes. The transgenic lines that I 

generated for this thesis are listed in Table 2.2, and the transgenic lines that were used 

from other sources are listed in Table 2.3.  

Table 2.2. Transgenic lines generated for this thesis. 

Name Notes 
Ubq-AslS372A,T373A-GFP used insertion 10122-1-1M on X  (BestGene) 
Ubq-AslT373E-GFP used insertion 10122-2-1M on X  (BestGene) 
Ubq-Spd-2Pmutant-GFP used insertion 10339-2-1M on II   (BestGene) 
UASp-GFP-SakKD used insertion #6 on II  (Cambridge Genetics) 
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Table 2.3. Transgenic lines from other sources used in this thesis. 

Name Source Notes 
Ubq-GFP-Sak (Peel et al., 2007) on II 
Ubq-GFP-Cnn (Conduit et al., 2010) on II 
Ubq-Spd-2-GFP (Dix and Raff, 2007) on II 
Ncd$"-tubulin37C-GFP  (Hallen et al., 2008) on III 
Ubq-Jupiter-mCherry StJohnston lab, unpublished on III 
Ubq-GFP-PACT (Martinez-Campos et al., 

2004) 
on III 

Act5C-Gal4 Bloomington on II 
Ubq-Asl-GFP (Stevens et al., 2010a) on X 
 

2.1.4 Generation of sak null mutant sakAa74 

In order to generate a sak null mutant I carried out a P-element excision and screened 

for imprecise excisions. I used the P-element insertion P[ry+%2-3] which encodes a 

source of transposase that causes mobilisation of other P-elements but itself remains 

stably in the genome (Robertson et al., 1988). I crossed the P[ry+%2-3] chromosome 

over the chromosome carrying the P-element insertion P{GSV1}GS3043. I could screen 

the progeny of these flies for the absence of red eye colour, as P-elements carry the 

mini-white gene conferring red eye colour, and flies with white eyes would have lost the 

P-element insertion. I crossed all male progeny (~1000 males) individually to 2-3 

females containing a balancer chromosome and after fertilisation I used the males to 

make a single fly DNA preparation. I then screened all males for a deletion inside the 

sak gene by PCR, and excisions were confirmed by sequencing (Section 4.3). The 

progeny of the males in which a deletion could be detected was set up as a stock. 

2.1.5 Assessing whether adult flies are uncoordinated 

To assess whether homozygous sakAa74 mutants were uncoordinated pupae needed to be 

picked out of the vials prior to eclosion, so that they could not get stuck in the food. 
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Pupae were transferred into small petri dishes onto a piece of damp filter paper 

(Whatman). Once flies had eclosed they were observed under a dissection microscope 

to analyse whether they were unable to walk and whether they were holding their wings 

up, indicating the uncoordination (unc) phenotype.  

2.1.6 Treatment of sakAa74 mutant flies to obtain mature egg chambers  

After eclosion the egg chambers of female flies are still immature, but stage 14 oocytes 

were required, which take several days to mature (Section 4.5 and 4.6). sakAa74 mutants 

cannot feed or walk, therefore pupae had to be picked into petri dishes as described in 

Section 2.1.5, and were manually fed with sugar solution for 1-4 days before dissecting 

ovaries.  

2.1.7 Assessing pupation rate of flies 

Flies were allowed to lay eggs in vials for 12 hours, the number of flies was adjusted so 

that ~100 eggs would be laid during that time. Flies were flipped to new vials for a few 

days after 12 h each, to obtain a large number of vials with laid eggs. The vials were 

kept at 25°C and the pupation rate was assessed by counting the number of adults that 

pupated in each vial per day.  

2.2 Molecular Biology 

2.2.1 PCR 

All general polymerase chain reactions (PCRs) were carried out with JumpStart 

REDTaq ReadyMix PCR Reaction Mix (Sigma) by mixing 5µl JumpStart Mix with 

0.5µl forward primer (8µM), 0.5µl reverse primer (8µM), 0.5µl DNA and 3.5µl water 

using the following PCR protocol: 
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1. 94°C for 2 min 

2.  94°C for 30 s 

3.  60°C for 30 s 

4.  72°C for x min (1 min/1000 bp); repeat steps 2-4 for 29 times 

5.  72°C for 10 min 

PCRs for cloning were carried out with Phusion High-Fidelity PCR Master Mix (NEB) 

by mixing 25µl Master Mix, 2.5µl forward primer (8µM), 2.5µl reverse primer (8µM), 

1µl template and 19µl water using the following PCR protocol: 

1. 98°C for 30 s 

2.  98°C for 10 s 

3.  60°C for 10 s 

4.  72°C for x min (30 s/1000 bp); repeat steps 2-4 for 29 times 

5.  72°C for 10 min 

All primers made for this thesis are listed in Table 4.  

Table 2.4. Primer list. 

Name  Sequence Binding region/Notes 
P8L for GCGAAAGTTCCAGGAAGTGG inside 5’UTR cdk12 

gene, detects deletion 
in sakAa74 

P8R rev TTGAAGTTCCGTTGGGTTGG inside sak coding 
sequence, detects 
deletion in sakAa74 

P9L for AGTTGTGCAAACTCACCACG 
 

inside ncd gene, 
detects deletion in 
ncd1 

P9R rev GTCCAGGTGCAACACATACG 
 

inside ncd gene, 
detects deletion in 
ncd1 

M1F for CCAAGGGCACAAACATCGCTTTTGAGCC
TGCGGAG 

spd-2  S121A 

M1R rev CTCCGCAGGCTCAAAAGCGATGTTTGTG
CCCTTGG 

spd-2  S121A 

M2F for CCAGAAAGTAACGTGGCTCTGGATTCGG
TTGGCGAG 

spd-2  T329A 

M2R rev CTCGCCAACCGAATCCAGAGCCACGTTA
CTTTCTGG 

spd-2 T329A 

M3F for CGAGATCCTAAGTCTCGCCGCGATCGAC
AAGGCGC 

spd-2 S397A 

M3R rev GCGCCTTGTCGATCGCGGCGAGACTTAG
GATCTCG 

spd-2  S397A 

M4F for CGCGCAAGCCGCTCGCTCCGCTGGCGGA
CCATC 

spd-2 S484A 
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M4R rev GATGGTCCGCCAGCGGAGCGAGCGGCTT
GCGCG 

spd-2 S484A 

M5F for GCCAGTGAACAAGAAGAGGGTTGCGATC
GCTACAATGGG 

spd-2  S569A 

M5R rev CCCATTGTAGCGATCGCAACCCTCTTCTT
GTTCACTGGC 

spd-2  S569A 

M6F for CTGGCCAAAAATCTAGCGCCCCTGGCCG
CGCCAAGAAGCTGTCTC 

spd-2 S614A, S617A, 
S618A 

M6R rev GAGACAGCTTCTTGGCGCGGCCAGGGGC
GCTAGATTTTTGGCCAG 

spd-2 S614A, S617, 
S618A 

M7F for GGAAGACGTGGGTTGGGAGCCGCCGCTG
TTGCAGTGCCACGTAG 

spd-2  T672A, S673A 
and S674A 

M7R rev CTACGTGGCACTGCAACAGCGGCGGCTC
CCAACCCACGTCTTCC 

spd-2  T672A, S673A 
and S674A 

M8F for TCGCGCCTTGTTGGTGCCGCACCGCTGAA
TCC 

asl S372A,T373A 

M8R rev GGATTCAGCGGTGCGGCACCAACAAGGC
GCGA 

asl S372A,T373A 

M9F for TCGCGCCTTGTTGGTAGCGAACCGCTGA
ATCC 

asl T373E 

M9R rev GGATTCAGCGGTTCGCTACCAACAAGGC
GCGA 

asl T373E 

M10F for CCAGGATGTGGCCATAATGATGATCGAT
AAAAAACTAATCC 

sak K43M 

M10R rev GGATTAGTTTTTTATCGATCATCATTATG
GCCACATCCTGG 

sak K43M 

Spd-2_G-F for GCAGGCTTCATGGACAGTAGCAGTGGAA
GC 
 

for amplification of 
spd-2 cDNA for BP 
reaction 

Spd-2_G-R rev AGCTGGGTCAAATTTAAAACTAATCGGG
ACACTGATGC 
 

for amplification of 
spd-2 cDNA for BP 
reaction 

AttB1_F for GGGGACAAGTTTGTACAAAAAAGCAGGC
TTC 

Gateway secondary 
primers 

AttB2_R rev GGGGACCACTTTGTACAAGAAAGCTGGG
TC 

Gateway secondary 
primers 

I1F for AATTCAGCCACCATGGACAGTAGCAGTG
GAAGC 

For InFusion Cloning 
spd-2 CDS in pRNA 

I1R rev TGCTCACCATGCTAGCAAATTTAAAACT
AATCGGGACACTG 

For InFusion Cloning 
spd-2 CDS in pRNA 

C1F for CGATCGCCATGGGAAACACGCCAGGTAT
AAGCC 

to amplify asl CDS, 
contains NcoI site 

C1R rev TTAAGCGCTAGCGCTGTGACCATTGCCTT
TGGG 

To amplify asl CDS, 
contains NheI site 

 

2.2.2 Site-directed mutagenesis 

Site-directed mutagenesis was performed on pDONR-asl, pDONR-sak and pDONR-

Spd-2 vectors using the Quikchange II Kit or Quikchange Multi Site-Directed 
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Mutagenesis Kit (Agilent) according to manufacturer’s instructions. The mutagenesis 

primers used are listed in Table 2.4.   

2.2.3 Sequencing 

DNA sequencing was performed by SourceBioscience using Sanger Sequencing, 

sequencing data were analysed in MacVector.  

2.2.4  Cloning 

2.2.4.1 Plasmid construction for transgenic fly lines 

I received the spd-2 cDNA in a pOT2 vector (clone LD24702) from Geneservice Ltd. I 

amplified the coding region of spd-2 from this vector with att sites at either end for 

Gateway cloning (Life Technologies) (primers are listed in Table 2.4). The PCR 

fragments were purified with the QIAquick PCR product purification kit (Qiagen) and 

inserted into the Gateway pDONR Zeo vector creating the vector pDONR-Spd-2. The 

inserts were verified by sequencing. I received the pDONR-asl vector (Raff lab vector 

stock, made by Jeroen Dobbelaere) and pDONR-sak vector (kindly provided by Renata 

Basto) and therefore did not have to make them myself. The pDONR vectors could then 

be recombined with Ubiquitin (Ubq) and UAS (upstream activation sequence) 

Destination vectors (Peel et al., 2007) with the coding sequences placed in frame with 

the eGFP at the C- or N-terminus. All constructs made are listed in Table 2.5. The Ubq 

promoter drives relatively high expression in all tissues (Lee et al., 1988), and when 

centriole duplication proteins are driven by this promoter it leads to overexpression as 

normally these proteins are expressed at very low levels (Peel et al., 2007). Flies with 

UAS driven transgenes must be crossed to flies expressing Gal4 drivers, and lead to 
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high level expression in specific tissues depending on the expression pattern of the 

driver (Brand and Perrimon, 1993). 

Table 2.5. List of constructs made. 

Construct Description 
pRNA-aslWT-EGFP pRNA with T3 RNA Pol promoter; AmpR 
pRNA-aslS372A,T373A-EGFP pRNA with T3 RNA Pol promoter; AmpR 
pRNA-aslT373E-EGFP pRNA with T3 RNA Pol promoter; AmpR 
pRNA-Spd-2WT-EGFP pRNA with T3 RNA Pol promoter; AmpR 
pRNA-Spd-2Pmutant-EGFP pRNA with T3 RNA Pol promoter; AmpR 
pDONR-Spd-2 Gateway Entry vector; ZeoR 
pUbq-aslS372A,T373A-EGFP Gateway Expression vector; KanR 
pUbq-aslT373E-EGFP Gateway Expression vector; KanR 
pUbq-Spd-2Pmutant-EGFP Gateway Expression vector; KanR 
pUASP-sakKD-GFP Gateway Expression vector; AmpR 
 

2.2.4.2 Plasmid construction for in vitro transcription 

For in vitro transcriptions the open reading frames (ORF) of asl and spd-2 needed to be 

cloned into the pRNA-EGFP vector (Oliveira and Nasmyth, 2013) to create the vectors 

pRNA-asl-EGFP and pRNA-Spd-2-EGFP. The pRNA vector contains a T3 RNA Pol 

promoter sequence for in vitro transcription. The asl ORF was amplified from the 

pDONR-asl vector using primers C1F and C1R (Table 4), the PCR fragments were 

digested with NheI and NcoI and were ligated into the digested pRNA-EGFP vector. 

Spd-2 could not be digested in the same way and hence I used the In-Fusion Cloning 

Kit (Clontech). 

2.2.5 Single fly DNA preparation 

One anesthetised fly was put in a well of a 96 well plate and mashed using a pipette tip 

filled with 50µl squishing buffer (10mM Tris HCl pH8, 1mM EDTA pH8, 25mM NaCl, 

200µm/ml proteinase K) and the buffer was expelled on the mashed fly. After all flies 
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had been mashed, the 96 well plate was incubated at 55°C for 30 min and then boiled 

for 10 min at 95°C and afterwards could be stored at -20°C for several days until use.   

2.2.6 In vitro transcription 

For in vitro transcription the pRNA vectors were linearised by AscI restriction digest 

and then ethanol precipitated. Capped mRNAs were synthesised using the mMessage 

mMachine T3 Kit (Ambion) and purified with RNeasy columns (Qiagen). RNA was 

eluted in RNAse free water and used for injections at a concentration of 1µg/µl. 

 

2.3 Proteomics 

2.3.1 Protein electrophoresis and western blotting 

Samples for western blot analysis were prepared by boiling larval brains with 2x 

Laemmli sample buffer (SB; contains 0.12M Tris.HCl pH 6.8, 4% SDS, 10% 2-#-

mercaptoethanol, 20% glycerol, 0.04% bromophenol blue) for 10 min. Protein samples 

were separated on a 3-8% precast NuPAGE (Invitrogen) polyacrylamide gel using 

Novex Tris-Glycine SDS Running Buffer (Life Technologies) and transferred to a 

nitrocellulose or Hypobond-P membrane (Amersham Biosciences) overnight at 50mA 

in western transfer buffer (25% methanol, 0.29% glycine, 0.58% Tris, 0.04% SDS). The 

next morning, the membranes were blocked in milk solution (PBS with 0.1% Tween-20, 

5% milk powder) for 1 h at room temperature with gentle agitation, and then incubated 

with the primary antibody (1-2µg/ml in milk solution) for 2 h. The membranes were 

briefly washed for 3 times in TBST (TBS + 0.1% Tween-20) and incubated with the 

appropriate horseradish peroxidase (HRP) coupled secondary antibody (Amersham) 

(diluted 1/1000 in milk solution) for 1 h. Then, the membranes were washed 3 x 15 min 
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in TBST with gentle agitation, and finally incubated in chemiluminescent substrate 

(ECL Western Blot detection reagent, GE Healthcare or Amersham) according to 

manufacturer’s instructions and exposed to X-ray film.  

2.3.2 Centrosome isolation 

Extract of early Drosophila embryos (0-4 h) was made by homogenising 1.5-2g of 

frozen embryos in a glass homogeniser in Buffer 1 (80mM K-PIPES pH 6.8, 1mM 

MgCl2, 1mM EGTA, 1mM GTP, 100mM KCl, 14% sucrose) with added protease 

inhibitor cocktail (1mM benzamidine-HCl, 0.5mM phenanthroline, 10µg/ml aprotinin, 

10µg/ml leupeptin, 3µg/ml pepstatinA) and 1mM PMSF, 1mM DTT, and phosphatase 

inhibitor cocktail 2 and 3, diluted according to manufacturer’s instructions (Sigma). The 

homogenisate was passed through miracloth (Merck) and spun down to remove solids 

and lipids. Then, centrosomes were isolated from extracts using a modified version of 

the centrosome isolation protocol of Moritz and Alberts (Moritz et al., 1995) by layering 

20ml of embryo extract containing 50% sucrose onto a 1.5ml layer of 70% sucrose. The 

tubes were spun in a Beckman SW 41 Ti Rotor at 27,000 rpm. This caused the 

centrosomes to accumulate in the 70% sucrose layer at the bottom of the vial while 

cytoplasmic proteins remain in the 50% sucrose layer. Following ultracentrifugation, 

2.5ml of the supernatant was taken from the top of the tube (cytoplasmic fractions) and 

1.2ml were collected from the 70% sucrose layer by piercing a hole into the bottom of 

the tube (centrosome fractions). Aliquots of the collected fractions were tested by 

western blotting and the rest were snap frozen in liquid nitrogen.  

2.3.3 Phosphatase treatment 

For the phosphatase treatment 10µl of the centrosomal fraction was incubated with 10µl 

of Alkaline Phosphatase (Roche) in a 100µl reaction containing protease inhibitors for 
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4.5 h at 37°C. To test the specificity of the Phosphatase treatment, the same reaction 

was carried out in the presence of Phosphatase inhibitor cocktails 2 and 3 (Sigma). 

2.3.4 Immunoprecipitations 

For immunoprecipitaton of centrosomes from the centrosomal fractions 40µg of anti-

Cnn antibody were coupled to 800µl protein A conjugated magnetic Dynabeads (Life 

Technologies). For immunoprecipitation of cytoplasmic proteins from the cytoplasmic 

fractions 48µg anti-Spd-2 antibody or 128µg anti-Asl antibody (all antibodies derived 

from rabbit), respectively, were coupled to 800µl Dynabeads. The ideal amount of 

antibody for the large-scale immunoprecipitation had been determined in small-scale 

trial experiments beforehand (data not shown). The dynabead/antibody suspensions 

were incubated at 4°C overnight, rotating. On the next day, beads were washed with 

BS3 conjugation buffer (20mM sodium phosphate, 0.15M NaCl pH 7-9) and then the 

antibodies were crosslinked to the beads by adding BS3 crosslinker (Thermo Fisher 

Scientific) in BS3 conjugation buffer and rotating for 30 min. The reaction was 

quenched by adding 1M Tris-HCl pH 7.5 and rotating for further 15 min. Beads were 

washed 3x with PBT and could then be stored at 4°C until use. For 

immunoprecipitations, centrosomal and cytoplasmic fractions were diluted 1:1 with 

dilution buffer (PBS with 0.2% BSA, protease inhibitor cocktail, 1mM PMSF, 20µg/ml 

DNAse I and Phosphatase inhibitor cocktail 2 and 3), added to the antibody-crosslinked 

beads and rotated at 4°C for 2 h. Beads were then washed 3x with wash buffer (PBS 

with 0.003% Triton X-100, protease inhibitor cocktail, 1mM PMSF, 20µg/ml DNAse I 

and Phosphatase inhibitor cocktail 2 and 3). The beads could then be boiled with 1xSB 

and separated on a polyacrylamide gel, and the bands containing the proteins of interest 

for the mass spectrometry analysis were cut out and stored at -20°C. 
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2.3.5 Sample preparation for mass spectrometry 

2.3.5.1 In-gel tryptic digest 

The gel pieces were first washed with Solution B (100mM ammonium bicarbonate in 

50% acetonitrile) for 1-2 h and then washed in 100% acetonitrile for 10 min, before they 

were dehydrated in a vacuum concentrator (SpeedVac). 10mM DTT was added for 30 

min at 37°C and then discarded, then the gel pieces were washed in 25mM ammonium 

bicarbonate several times, followed by washing in acetonitrile. Gel pieces were treated 

with 55mM iodoacetamide for 1 h in the dark, and subsequently washed in Solution B 

for several times and then in acetonitrile. Pieces were dried in a vacuum concentrator 

and incubated over night with Promega Sequencing Grade Modified Trypsin 

(reconstituted and diluted according to manufacturer’s instructions). On the next day 

1µl of formic acid was added to stop the digest. Then the supernatant containing the 

peptides was transferred to a new tube. The gel pieces were incubated with extraction 

buffer (0.001% formic acid in 50% acetonitrile) for 30 min to extract remaining 

peptides, and the supernatant was then pooled with the existing supernatant. Samples 

were dehydrated using a vacuum concentrator.  

2.3.5.2 Enrichment for phosphopeptides 

Enrichment for phosphopeptides was performed according to the protocol used by Prof. 

Francis Barr’s group, Department of Biochemistry, University of Oxford (personal 

communication). Dried samples containing tryptic peptides were dissolved in GA 

solution (80mg/ml glycolic acid in 80% acetonitrile and 2% trifluoroacetic acid). The 

micro-columns were prepared by plugging the bottom of a GelLoader tip (Eppendorf) 

with a piece of C8-silica matrix (Varian GmbH) and loading 5µl TiO2  (Hichrom Ltd.) 
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slurry to the tip and spinning it down. The micro-column was adjusted by washing with 

0.6% NH4OH solution followed by washing with GA solution; the centrifugation speed 

was adjusted so that the solutions passed through the columns relatively slowly. The 

dissolved peptides were then loaded on the prepared micro-columns and spun slowly to 

give phosphopeptides time to bind to the TiO2. Columns were washed with GA solution 

followed by 80% acetonitrile + 0.2% trifluoroacetic acid followed by 20% acetonitrile. 

The bound phosphopeptides were eluted with 0.6% NH4OH followed with 60% 

acetonitrile into a new LoBind Eppendorf tube, centrifugation speeds were adjusted to 

low speeds as phosphopeptides elute very slowly. Samples were then dried in a vacuum 

concentrator and dissolved in 5% formic acid for mass spectrometry analysis.  

2.3.6 Mass spectrometry 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was 

performed by the Proteomics Facility of the Sir William Dunn School of Pathology 

using a LTQ Orbitrap Mass Spectrometer (Thermo Scientific) coupled to a UltiMate 

3000 Nano LC system (Thermo Scientific).  

 

2.4 Transcriptomics 

2.4.1 RNA preparation 

Total RNA was prepared from brains and imaginal discs of 10 third instar larvae per 

sample. RNA isolation was performed using TRIzol (Life Technologies) according to 

manufacturer’s instructions, followed by chloroform extraction and isopropanol 

precipitation. The pellet was washed with Ethanol and air dried. Integrity of the purified 

RNA was assessed on the Agilent Bioanalyzer 2100 (Agilent) for microarray 
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experiments, or by assessing integrity on an Agarose gel for qPCR experiments. 

Concentration was determined using a Nanodrop ND-1000 Spectrophotometer 

(Nanodrop Technologies). 

2.4.2 Microarray analysis 

For each strain three independent samples were analysed. Per sample 500ng RNA was 

processed to labelled cRNA using the Affymetrix 3’ IVT Express kit according to the 

manufacturer’s instructions and hybridised to Affymetrix Drosophila 2.0 GeneChips for 

16 h at 45°C. On the next day gene chips were washed and stained with streptavidin-

phycoerythrin using the Affymetrix Fluidics Station 450 and scanned on an Affymetrix 

GeneChip 3000 scanner (all Affymetrix). 

2.4.3 Quantitative PCR (qPCR) 

For each sample 1µg RNA was treated with DNAseI (Invitrogen Life Technologies) 

and used for reverse transcription with the Transcriptor High Fidelity cDNA Synthesis 

Kit (Roche Diagnostics Ltd.) using oligo(dT) primer. The cDNA was diluted 1:2 and 

1µl diluted cDNA was then used for qPCR analysis using the SensiMix SYBR No-ROX 

Kit (Bioline Reagents Ltd) in a MJ Research PTC-200 thermal cycler with a Chromo4 

detector (both Biorad). I designed genespecific primers for qPCR analysis using 

PerlPrimer (Marshall, 2004) (Table 2.6). I designed a primer pair amplifying the 3’ 

region and one amplifying the 5’ region of the RNA to be able to assess whether the 

whole gene was genuinely up- or down-regulated. Amplicons were between 100 and 

maximal 300 bp long. Expression of the tested genes was measured in triplicates and 

gene expression levels for each individual sample were normalised to the expression of 

EF1!. Relative gene expression was determined and expressed as 2-DeltaCT
 (%CT = 



 

     54 

(CTgene – CTEF1alpha) x 1000) (Livak and Schmittgen, 2001). At least 2 independent 

samples were measured per gene and the average and standard error were determined.  

Table 2.6. Primers for qPCR. 

Genea Sequence 5'-3' direction 
B52-RF CTACGGCTTTGTGGAATTCGA forward 
B52-RF CCACAATCAGTCGGTACTCAG reverse 
Brf-RA 3' AGTTCGGCTCAGTTGTTGGC forward 
Brf-RA 3' GATGAGCTCCAAGAAACCGC reverse 
Brf-RA 5' CTACGGCAAGTTTCAGGTGG forward 
Brf-RA 5' CGATGAGGAGATGGGAGGTG reverse 
CG11357-RA 3' AGATCGCGTAACAGTGGACG forward 
CG11357-RA 3' TTCCTGCCATTTCTGTTCCC reverse 
CG11357-RA 5' TTCATATCGTTCCAAATGGCGG forward 
CG11357-RA 5' GTGATCTTACTGCCCGTTTCC reverse 
CG11999-RA 3' CTATGGCAGACCCATCTCCG forward 
CG11999-RA 3' CGTGCGTTGAGCTCTTCTCC reverse 
CG11999-RA 5' GCAACGCTGATTTCAACCG forward 
CG11999-RA 5' CCCTGGAAATGCTGCCTACC reverse 
CG14687-RA 3' GGAATCAGCATCGTCCTTGC forward 
CG14687-RA 3' GCCACCGAGAATGGTGGTAA reverse 
CG31157-RB 3' TACCCATCCGTTCGTTTTCG forward 
CG31157-RB 3' ACTTGGCACTGGACACATGG reverse 
CG31157-RB 5' AAGATTCCCTGGGCTAGACTG forward 
CG31157-RB 5' CGTTGGCCATTGTTATCACAC reverse 
CG31287-RA 3' TGTACTTGGATATGCTGGCGG forward 
CG31287-RA 3' GGCAAATTTGTTCCTGTTCC reverse 
CG31287-RA 5' GAGATTAACCTTATACAGGCGGAG forward 
CG31287-RA 5' CTTGGTTACCAAATTTACGGAAGG reverse 
CG32055-RA 3' CAACAATCGTCTCACTTTCTTGCCG forward 
CG32055-RA 3' TGACAACGCAGAGGGGTTTCCG reverse 
CG32055-RA 5' CTTCTGTCCGGAGTGTTCGG forward 
CG32055-RA 5' TGGAGAGACCAGGCAGTTCC reverse 
CG32795-RA 3' AGGAGATGAAGAATAGCGCCA forward 
CG32795-RA 3' CGCACTGATTCGTTTAAGTTTCC reverse 
CG32795-RA 5' CTCTGCGACAGTTCAAAGGG forward 
CG32795-RA 5' GAATCGAGACATTTACATCGCC reverse 
CG7900-RA 5' TTAGCATTGAGACGGACACCT forward 
CG7900-RA 5' CATTCAAAGAACCCTCGCCA reverse 
CG8245-RA 3' GGTTTGTGGAGGAATCAATTTCTG forward 
CG8245-RA 3' CATACTGACGATACCTGAATACCC reverse 
CG8245-RA 5' TCGATATCAGCTTCGCACCC forward 
CG8245-RA 5' TCGCCATCATGGTCCTTAGC reverse 
CG9279-RB 3' GACTTTCGCCGCTTTAGAACCATTG forward 
CG9279-RB 3' CCAGCAGCACCCATTTCCAGATG reverse 
CG9279-RB 5' GGCAGCATTTACTTCAAGTGTC forward 
CG9279-RB 5' CCTCTGGTTATCCTGCTCCT reverse 
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DSas-4-RA 5' AACTACCGTGACGAGATCGAG forward 
DSas-4-RA 5' GCGGAAGGTAACACTTTGGG reverse 
EF1Alpha RA ATTCGAGACCATAGTGTAATCATCC forward 
EF1Alpha RA CAATGATGGTCACGTAGTACTTGG reverse 
GNBP2-RB 3' TATGGGGAGCTGTACGACGG forward 
GNBP2-RB 3' GTGCTGCCAAAATGAGAGGG reverse 
GNBP2-RB 5' GTGTCCATACCAGATGAGCCT forward 
GNBP2-RB 5' GAGACCCAACTTCCGTTCAC reverse 
Hsc70-2-RA 3' CCATTTCCAACGACAAGGGCAG forward 
Hsc70-2-RA 3' CGCTGGCACTCTTTCAGGTGACTC reverse 
Hsc70-2-RA 5' GACTTGGGCACCACCTACTC forward 
Hsc70-2-RA 5' CATGGCCACCTGGTTCTTGG reverse 
intergenic region 
between Hsc70-2 and 
CG31157 

CATTTGGCGGAGCTGTAAGG forward 

intergenic region 
between Hsc70-2 and 
CG31157 

CTCTTGACCAAATGGAGCCG reverse 

path-RA 3' AAGTTACATTGAATTGCCCCG forward 
path-RA 3' GACAGATAATTCTGCGGCTCG reverse 
path-RA 5' CCAACAACCGATAATGAAACTCTC forward 
path-RA 5' AGTTCTGTAGTACAACTTGTGTCC reverse 
Sak-RA 5' GAATAGCTACTGAGCTCTCCCA forward 
Sak-RA 5' CTGAATGTTTGGTATCTGACCGAC reverse 
Sas-6-RA 5' GAAGCATGAACGCAAGTTGG forward 
Sas-6-RA 5' TATGTTGGCCTTCTCTTTGTTTCC reverse 
wallenda-RA 3' AAAACCCAACAAACGCTCCC forward 
wallenda-RA 3' TGATCGAACGGCCACTTACC reverse 
wallenda-RA 5' CGGAACTCCAAGAAGAGCAG forward 
wallenda-RA 5' GTCAATAAAGCGGTTGTTTGCTC reverse 

aGenename with information about the transcript that was used for primer design and the region 
of the gene the primers bind to. 
 

2.5 Drosophila cell biology 

2.5.1 Fixation and immunostaining of adult ovaries  

Ovaries from 5-10 females were dissected in PBS and then fixed for 20 min in 4% 

formaldehyde in PBT. After washing with PBT and blocking with PBT + 10% BSA the 

ovaries were incubated overnight with the primary antibody in PBT + 1% BSA. The 

next day the ovaries were washed in PBT + 1% BSA several times and then incubated 

with the secondary antibody in PBT + 1% BSA for 2-4 h. After washing in PBT several 
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times the ovaries were mounted in mounting medium (85% glycerol and 2.5% n-

propylgallate). 

2.5.2 Fixation and immunostaining of pupal testes 

Pupal testes were fixed and stained for super-resolution microscopy. Testes were 

dissected and fixed in 10% formaldehyde in PBT for 30 min. They were washed in PBS 

several times and then squashed between a coverslip thickness 1.5 (Marienfeld) as 

“slide” and thinner coverslip thickness 1 (VWR), and immediately put into liquid 

nitrogen. After the coverslips were taken out of the liquid nitrogen the thinner coverslip 

was removed and the thicker coverslip with the testes was incubated in ice cold ethanol 

for 15 min at -20°C. The slides were washed in PBS and then incubated in a wet 

chamber with a drop of the primary antibody and GFP-booster (Chromotek) on top over 

night at 4°C. On the next day the coverslips were washed several times in PBS and then 

incubated with the secondary antibody for 3 h at 25°C. After several washes in PBS the 

coverslips were stained in Hoechst33258 for 10 min and afterwards mounted with 

ProLong Antifade (Life Technologies). 

2.5.3 Fixation and immunostaining of larval brains  

Brains from third instar larvae were dissected in PBS and fixed for 20 min in 4% 

formaldehyde in PBS. Fixed brains were transferred to a drop of 45% acetic acid for 15 

s and then to a drop of 60% acetic acid on a coverslip where they were incubated for 3 

min. The brains were then squashed between the coverslip and a glass slide between 

two pieces of Whatman paper by tapping the slide with a pencil tip. Then the slides 

were immediately put into liquid nitrogen. After all slides had been prepared they were 

taken out of the liquid nitrogen, the coverslip was removed with a razor blade, and the 

slides were incubated in ice cold methanol for 5 min at -20°C. Samples were rehydrated 



 

     57 

in PBT for 1h and then incubated with primary antibodies under a mounted coverslip in 

a moist chamber overnight at 4°C. On the next day the slides were washed in PBT and 

incubated with the secondary antibodies for three hours. Next, the slides were washed in 

PBT, stained for 10 min in Hoechst33258 (Life Technologies) and then mounted in 

mounting medium. 

2.5.4 Fixation of pupal antenna 

Pupae were picked after their eyes had just turned orange, and dissected in a PBS drop. 

Antenna were removed and fixed in a drop of 4% formaldehyde in PBT for 2 h. Then 

the antenna were washed several times in PBS and mounted in a drop of mounting 

medium. The third antennal segment was observed on an Olympus FV1000 confocal 

microscope.  

2.5.5 Brain preparation for live analysis 

Brains were dissected from third instar larvae in PBS and the attached imaginal discs 

were removed. The brain was transferred to a drop of PBS on a clean coverslip and 

covered with a slide, which flattened the brain. The coverslip was sealed with a drop of 

Voltalef oil (VWR) to stop evaporation of the PBS and brains were analysed on the 

Perkin Elmer ERS Spinning Disk confocal system, confocal sections were collected 

every 30-60 s. 

2.5.6 Embryo preparation for live analysis 

Flies were allowed to lay eggs on a cranberry juice plates with a drop of yeast for 1.5 h 

and then the eggs were collected, manually dechorionated and aligned on a glass bottom 

dish with glue. They were observed on the Perkin Elmer ERS Spinning Disk confocal 

system for several nuclear cycles and confocal sections were taken every 30 s.  
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2.5.7 Microinjection of embryos with mRNA 

Flies were allowed to lay eggs on an apple juice plate with a drop of yeast for 30-45 

min. The eggs were then dechorionated by rolling them on a piece of sticky tape, and 

then aligned on a glass bottom dish with glue (sticky tape dissolved in heptane). The 

eggs were then slightly dehydrated for 5 min at 25°C, and afterwards covered with a 

layer of Voltalef oil (VWR). The mRNA was then injected with finely drawn glass 

needles. After 1 h the translated protein could be observed on the Perkin Elmer ERS 

Spinning Disk confocal system and confocal sections were collected every 15-20 s. 

2.5.8 Antibodies used in this thesis 

The antibodies used in this thesis are listed below. The appropriate Alexa 488-, Alexa 

568- and Alexa 647-conjugated secondary antibodies were obtained from Molecular 

Probes and used diluted 1:1000. 

Table 2.7. Antibodies used in this thesis (IF =  immunofluorescence, WB = western blotting, IP 
= immunoprecipitation). 

Protein Number Species Source Dilution Notes 
Asl 11 rabbit Raff lab 1:1000 IF testes, IP, WB 
Asl 197 rat Raff lab 1:500 IF brains 
Cnn 55 guinea pig Raff lab 1:500 IF brains 
Cnn 37 rabbit Raff lab 1:1000 IP, WB 
Spd-2 57 rabbit Raff lab 1:500 IF brains, IP, WB 
"-tubulin 142 mouse Sigma 1:1000 IF brains 
!-tubulin 
DM1 ! 

141 mouse Sigma 1:1000 IF brains; 
monoclonal 

DPLP 86 rabbit  Raff lab 1:500 IF brains 
DTACC 134 rabbit Raff lab 1:500 IF brains 
Msps 110 rabbit Raff lab 1:500 IF brains 
Aurora A 72 rabbit Raff lab 1:500 IF brains 
Dgp71WD 295267 rabbit (Vérollet et al., 

2006) 
1:500 IF brains 

Phospho-Asl 
T373 

259 
specP 

rabbit Eurogentec 1:100 IF brains 

Histone H3 
Phospho S10 

179 rabbit Upstate 
Biotechnology 

1:500 IF brains 
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2.6 Microscopy and image analysis 

2.6.1 Microscopes used for the analysis of embryos, brains and testes 

Fixed preparations were examined either on a Zeiss Axioskop 2 microscope (Carl Zeiss, 

Ltd.,) with a CoolSNAP HQ camera (Photometrics), using a 63x/1.25 NA objective 

(Carl Zeiss, Ltd.) with Immersol oil (Carl Zeiss) using MetaMorph Software (Molecular 

Devices), or on a Olympus FV1000 confocal microscope using a 60x oil lens with 

Olympus Fluoview software (Olympus). Live brains and embryos were imaged using a 

63x oil lens on a Perkin Elmer ERS Spinning Disk confocal system mounted in an 

inverted microscope (Axiovert 200M; Carl Zeiss MicroImaging Inc.) with a charge-

coupled device camera (Orca ER; Hamamatsu) with Ultraview ERS software (Perkin 

Elmer). All pictures and time series were analysed using Fiji (Schindelin et al., 2012). 

Image stacks for super-resolution microscopy were acquired using a Deltavision OMX 

V3 microscope (Applied Precision) with a 60x/1.42 Oil UPlanSApo oil objective 

(Olympus) and processed using SoftWorx software (Applied Precision).  

2.6.2 Assessing fluorescence intensity of embryonic centrosomes 

Embryos in nuclear cycles 10-13 were imaged using the Perkin Elmer ERS Spinning 

Disk confocal system and confocal sections were collected every 15-20 s. Sections were 

reconstructed in 3D using Fiji and the fluorescence of individual centrosomes was 

quantified in each time point using the maximum intensity setting. Data were then 

analysed in Microsoft Excel.  

2.6.3 Analysis of mitotic index 

Larval brains were stained with Hoechst and anti-Phospho-Histone H3 to visualise 

mitotic nuclei. 10 fields of each brain (total 8 brains) were imaged. The total number of 
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nuclei and the number of mitotic nuclei per image were counted using CellProfiler 

software (Carpenter et al., 2006), a total of at least 16200 cells per genotype was 

counted. The mitotic index was calculated as MI = mitotic nuclei/total nuclei * 100. The 

data were normalised by setting the wild type mitotic index to 1.  

2.6.4 Quantification of centrosomes in larval brains 

Larval brains were stained with antibodies against Asl and Cnn and imaged on a Zeiss 

Axioskop 2 microscope. Neuroblasts and ganglion mother cells were scored in prophase 

in order to ensure that centrosomes were duplicated but extra centrosomes would not be 

clustered at the spindle poles. Mitotic cells were identified using DNA morphology and 

dots were scored as centrosomes only if they co-stained for Cnn and Asl. 

2.6.5 Quantification of aMTOCs and spindle phenotypes in larval 

brains 

Larval brains were stained with antibodies against !-tubulin to visualise spindle, Cnn to 

visualise aMTOCs and Phospho-Histone H3 and were imaged on a Zeiss Axioskop 2 

microscope. Only mitotic cells identified by Phospho-Histone H3 staining were scored, 

and all phenotypes were always quantified blind, without knowing which genotype was 

being counted.  

2.6.6 Image manipulation and presentation 

Images in this thesis were processed in Fiji (Schindelin et al., 2012) using standard 

methods. Control and experimental images were adjusted using the same procedures to 

use the full range of pixel intensities. All images are maximum intensity projections.  
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2.7 Bioinformatics 

2.7.1 Microarray data analysis 

I performed quality control of microarray expression data using the Bioconductor 

package AffyPLM (Gautier et al., 2004). The probe intensities from Affymetrix image 

files (“.CEL” files) were normalised using quantile normalisation (Bolstad et al., 2003), 

and expression signals of all genes (probesets) were calculated using GCRMA 

(Guanosine Cytidine robust multiarray analysis) (Wu and Irizarry, 2007). Differentially 

expressed genes between WT and Experimental samples were identified using the 

Bioconductor package limma (Smyth, 2005). I then obtained lists of genes that 

displayed at least 1.5-fold change in expression and a Benjamini-Hochberg FDR-

corrected P-value of $ 0.05 (Benjamini and Hochberg, 2005). Raw data can be accessed 

in Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/; accession number 

GSE35240).  

2.7.2 Gene ontology enrichment 

I analysed the list of differentially expressed genes of sakOE compared to w67 for 

enrichment of Gene Ontology (GO) terms using DAVID, a program that weighs the 

enrichment of a specific GO term in a given dataset relative to the frequency of that 

term on the Affymetrix Drosophila 2.0 chip (Huang et al., 2009; Huang et al., 2008). I 

looked for enrichment in the GO FAT set, which attempts to filter the broadest terms so 

that they do not overshadow the more specific terms. 

2.7.3 Protein sequence alignments 

Alignments of protein sequences were performed with Clustal W (Larkin et al., 2007) 

using the default settings. 
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2.7.4 Mass spectrometry data analysis 

The tandem mass spectrometry (LC-MS/MS) data were searched against the FlyBase 

sequence database (http://flybase.bio.indiana.edu/) using Mascot software (Matrix 

Science). The following settings were used for the searches: Enzyme: Trypsin; fixed 

modification: carbamidomethylation; variable modifications: methionine oxidation, 

glutamine/asparagine deamidation; serine/threonine/tyrosine phosphorylation; error 

tolerance for the precursor ions, 20 ppm; mass error tolerance for the fragment ions, 0.6 

Da; number of missed cleavage sites, 3. The MS/MS spectra for identified 

phosphopeptides were manually inspected in Mascot.  
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3 Phosphorylation of centrosomal proteins 

3.1 Introduction 

At the beginning of mitosis the amount of PCM organised by the centrioles increases 

dramatically, which results in an increase in microtubule-organising activity and 

therefore promotes efficient mitotic spindle assembly. This process is called 

‘centrosome maturation’ (Section 1.3.1). In Drosophila, the centriolar protein Asl has 

been strongly implicated in PCM recruitment (Bonaccorsi et al., 1998; Conduit et al., 

2010; Dzhindzhev et al., 2010b; Varmark et al., 2007). Asl is localised on the surface of 

the centrioles throughout the cell cycle (Fu and Glover, 2012; Lawo et al., 2012; 

Mennella et al., 2012; Sonnen et al., 2012), but it does not appear to play a major part in 

recruiting the PCM to interphase centrioles (Mennella et al., 2012). In fly cells, the 

centrioles tend to organise only very small amounts of PCM in interphase (Martinez-

Campos et al., 2004; Rogers et al., 2008) and the centriolar protein DPLP seems to be 

particularly important for organising the interphase PCM (Mennella et al., 2012). As 

cells enter mitosis, however, Asl appears to initiate the recruitment of the PCM proteins 

Spd-2 and Cnn to the centrioles. Once recruited Spd-2 and Cnn appear to be released 

from their centriolar-binding sites and they then move slowly away from the centrioles 

forming “scaffold-like” structures on which many, if not all, other PCM proteins 

ultimately assemble (Conduit et al., manuscript in preparation). In this way, Spd-2 and 

Cnn appear to be the key players of mitotic PCM recruitment in Drosophila: in the 

absence of either protein centrosomes can still partially mature, but the loss of both 

proteins leads to a complete failure in mitotic PCM recruitment (Conduit et al., 

manuscript in preparation). 
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How is the initiation of mitotic PCM recruitment regulated? An obvious possibility is 

that this process is regulated by prostranslational modifications such as phosphorylation. 

Many cell cycle events are regulated by phosphorylation, and indeed it is known that 

phosphorylation plays a central role in mitotic PCM recruitment. Early experiments 

with Xenopus egg extract showed that PCM maturation depends on the activity of 

kinases, as maturation was completely blocked by the addition of kinase inhibitors 

(Ohta et al., 1993) and Cdc2 kinase activity was shown to promote MT nucleation 

activity of centrosomes in mitosis (Verde et al., 1990). The kinases Polo/Plk1 and 

Aurora A have been implicated in centrosome maturation in a variety of different 

organisms (Berdnik and Knoblich, 2002; Hannak, 2001; Hirota et al., 2003; Lane and 

Nigg, 1996; Lee and Rhee, 2011; Sunkel and Glover, 1988). Furthermore, 

phosphorylation of Cnn in Drosophila is dependent on Polo (Dobbelaere et al., 2008) 

and it has been suggested that phosphorylation of Cnn, Spd-2 and Asl might increase 

the strength of interaction between these proteins and thus lead to increased structural 

integrity of the PCM and centrosome maturation (Conduit and Raff, 2010). 

 

Several phosphoproteomic screens have identified phosphorylation sites in several 

centrosomal proteins in Drosophila (Bodenmiller et al., 2007; Habermann et al., 2012; 

Zhai et al., 2008). These studies have not yet, however, lead to identification of sites 

that have been shown to be functionally relevant for centrosome function. In this 

chapter I describe a phosphoproteomic screen designed to identify phosphorylation sites 

in all three of major proteins that appear to regulate the onset of centrosome maturation 

in Drosophila—Asl, DSpd-2 and Cnn. This screen has successfully identified sites that 

appear to be specifically phosphorylated at centrosomes during mitosis, and I describe 

my initial attempts to analyse the biological functions of some of these sites by 

examining flies expressing phosphorylation-resistant point-mutants of these proteins. 
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Several of these experiments were performed in collaboration with Paul Conduit, a post-

doctoral fellow in the laboratory. 

 

3.2 Proteins of the pericentriolar material are 

phosphorylated when they are at the centrosome 

If the functions of Asl, Spd-2 and Cnn in PCM recruitment are regulated by 

phosphorylation we reasoned that these proteins might be phosphorylated only when 

incorporated into the centrosome, but not when they were in the cytoplasm.  In order to 

compare centrosomal with cytoplasmic pools of Asl, Spd-2 and Cnn, we isolated 

centrosomes from Drosophila embryo extracts (Moritz and Alberts, 1999). After 

ultracentrifugation of a partially clarified extract through a sucrose-step gradient, the 

relatively heavy centrosomes are enriched in the 70% sucrose fraction at the bottom of 

the centrifuge tube, while the lighter cytoplasmic components remain in the supernatant 

(Figure 3.1A).  

 

A western blot analysis of this experiment revealed that the centrosomal fractions were 

devoid of cytoplasmic proteins (as judged by the actin control) and that the centrosomal 

fractions of Cnn, Spd-2 and Asl all exhibited a clear mobility shift compared to the 

cytoplasmic fractions (Figure 3.1B). This shift was due to phosphorylation because it 

disappeared when centrosomal fractions were treated with phosphatases, but not when 

phosphatase inhibitors were also included. Interestingly, the shift was very distinct for 

Cnn as essentially all of the Cnn in the centrosomal fraction was shifted, but this was 

not the case for Spd-2 where there appeared to be 2 different pools of Spd-2 present at 

the centrosome – one which was phosphorylated and one which was not. In the case of  
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Asl, the mobility shift was much subtler than for the two other proteins, but it seemed 

that the entire centrosomal fraction was shifted. This analysis strongly suggests that all 

three proteins are phosphorylated at the centrosome, and not in the cytoplasm. 

 

We set out to identify phosphorylation sites in Asl, Spd-2 and Cnn. Paul Conduit 

focused on the analysis of Cnn and has now successfully identified several 

phosphorylation sites that seem to be important for proper recruitment of Cnn to mitotic 

centrosomes (P. Conduit, personal communication). I focused on identifying 

phosphorylation sites in Asl and Spd-2. In the following sections I describe my analysis 

of Asl and Spd-2. 

 

3.3 Identification of phosphorylation sites in centrosomal 

proteins 

In order to identify sites in Asl and Spd-2 that were phosphorylated specifically at 

centrosomes, I isolated centrosomes from embryo extracts as described above and then 

subjected the centrosomal fractions to a further round of affinity-purification with an 

antibody against Cnn. It should be noted that the embryos used to make the embryo 

extracts are not synchronised regarding their developmental and cell cycle stage, and the 

centrosomes isolated therefore come from embryos in all different stages of the cell 

cycle. In trial experiments, I tested several antibodies for their efficacy in this 

centrosome affinity-purification step and found that the Cnn antibodies gave the highest 

yield of highly enriched centrosomes, probably because these are excellent antibodies.  

To purify cytoplasmic fractions for comparison to the centrosomal fractions I took the 

cytoplasmic fractions of the embryo extracts (that had been depleted of centrosomes by 



 

     68 

ultracentrifugation) and affinity-purified the cytoplasmic Asl and Spd-2 with antibodies 

directed against these proteins.  

These three samples (centrosomal sample, cytoplasmic Asl and cytoplasmic Spd-2) 

were separated by SDS-PAGE, and I cut out the region of the gel containing the 

centrosomal and the cytoplasmic Asl and Spd-2 bands. I then performed in-gel tryptic 

digest, and enriched the samples for phosphopeptides using TiO2 columns. The samples 

were analysed by LC-MS/MS in the Proteomics Facility of the Sir William Dunn 

School of Pathology to identify phosphorylation sites in Asl and Spd-2. In addition we 

also ran the samples without prior enrichment for phosphopeptides. The LC-MS/MS 

data were searched against the FlyBase protein sequence database using Mascot 

software (Section 2.7.4). The Mascot Ion Score of 29, corresponding to a probability of 

P=0.05, was used as the guideline for considering a peptide as identified. Lower scoring 

peptides were also considered if they were found consistenly throughout different 

repetitions of the experiment. I compared phosphopeptides found in centrosomal 

(Supplementary Table 1) and cytoplasmic (Supplementary Table 2) pools of the 

proteins, and could identify one Asl phosphorylation site and seven Spd-2 

phosphorylation sites, that were phosphorylated consistently and with high confidence 

when the proteins were localised to the centrosome, but not when they were in the 

cytoplasm (Table 3.1). All of the Spd-2 sites had been identified in previous 

phosphoproteomic screens as well (as indicated in Table 3.1) (Habermann et al., 2012; 

Zhai et al., 2008), although these screens did not differentiate between sites 

phosphorylated at the centrosome or in the cytoplasm. The Asl site I found had not been 

reported before. 
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Table 3.1. Highscoring Asl and Spd-2 sites phosphorylated at the centrosome but not in the 
cytoplasm. Phosphorylated residues are marked in red. 

Protein Peptide sequence peptide 
score1 position References 

Asl LVGSTPLNPLDR 
 

25 
 

T373 
 novel site 

Spd2 GTNISFEPAEITGR 
 

53.03 
 S121 Habermann et al., 2012 

Spd2 TNQPLLEPESNVTLDSVGEK 
 

65.26 
 T329 Zhai et al., 2007 

Spd2 RPPSSSEILSLSAIDK 
 

38.85 
 S397 Zhai et al., 2007 

Spd2 KPLSPLADHPQITISR 
 

34.55 
 S484 Habermann et al., 2012 

Zhai et al., 2007 

Spd2 RVSIATMGLIPR 29.93 S569 Zhai et al., 2007 

Spd2 NLSPLSSPR 42.33 S614 Habermann et al., 2012 
Zhai et al., 2007 

Spd2 GLGTSSVAVPR 
 

64.8 
 S673 Habermann et al., 2012 

Zhai et al., 2007 
1Mascot Ion Score is !10log(P), with P being the probability that the observed match is a random event. 
Individual ion scores >29 indicate identity or extensive homology (p<0.05). 
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3.4 Asl is phosphorylated on T373 when it is at the centriole 

In Asl I could identify one phosphorylation site on Threonine 373, which was 

phosphorylated at the centrosome but not in the cytoplasm (Figure 3.2A). I tested 

whether the site lies in a conserved region of the protein, and aligned the Asl protein 

sequence across different Drosophila and mosquito species (only small regions of Asl 

are conserved enough to be accurately aligned across a broader spectrum of species, and 

these putative phosphorylation sites are not within one of these regions). The alignment 

showed that T373 was conserved across all the species examined (Figure 3.2B).  

 

Interestingly, T373 is located within a potential Cdk1 phosphorylation motif (Songyang 

et al., 1994). Cdk1 is a key regulator of mitotic entry, and, when bound to mitotic 

cyclins such as Cyclin A or B, it can phosphorylate specific T or S residues that lie 

within a so-called polo-box domain binding motif (Cheng et al., 2003; Elia et al., 2003a; 

Elia et al., 2003b). Binding of the Polo/Plk1 polo-box domain (PBD, comprising polo-

box 1 and polo-box 2 and the linker sequence between) to these phosphorylated protein 

sequences regulates the subcellular localisation of Polo/Plk1 in mitosis. For example, 

the PBD is required to localise Polo/Plk1 to the centrosomes in mitosis (Elia et al., 

2003a). The sequence of the PBD binding motif, S-(pT/pS)-P, resembles the T373 site 

found in Asl (Figure 3.2A). This suggests the possibility that T373 might get 

phosphorylated by Cdk1 in mitosis, which then leads to subsequent binding of 

Polo/Plk1 to Asl, potentially allowing the subsequent phosphorylation of centrosomal 

targets - such as Cnn (Dobbelaere, 2008) - by Polo/Plk1. 
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3.5 Asl phosphorylation on T373 is not required for 

localisation of Asl to the centrosome 

My mass spectrometry data indicate that Asl is phosphorylated on T373 only when it is 

at the centrosome, so I wanted to test whether T373 phosphorylation is required to 

localise Asl to the centrosome. I made an Asl-GFP construct in which Threonine 373 

was exchanged for an Alanine. I decided to mutate the adjacent Serine 372 as well, 

because mutation of a phosphosite can result in compensating phosphorylation of 

neighbouring residues that can mask the phenotype of the phospho-mutation (Edwards, 

1999). The resulting construct AslS372A,T373A-GFP was cloned into a vector containing a 

T3 RNA polymerase promoter, and capped Asl-GFP mRNA was transcribed in vitro. I 

then injected AslS372A,T373A-GFP and AslWT-GFP mRNA into early (0-45 min old) 

Drosophila embryos expressing Jupiter-mCherry (allowing me to visualise MTs). After 

~ 1 h the mRNA had been translated in the embryos, and localisation of the GFP-tagged 

protein could be observed by live-cell imaging. Both the WT control and the Asl 

phospho-mutant localised to centrosomes in a similar manner (Figure 3.2C). I conclude 

that phosphorylation of S372 and T373 is not required for localisation of Asl to the 

centrosome, at least in the presence of WT Asl protein. 

 

3.6 Asl is phosphorylated on Threonine 373 specifically in 

mitosis 

Next, we obtained a phosphospecific Asl antibody that only binds to Asl when it is 

phosphorylated at T373 from Eurogentec. This antibody was raised in rabbits against a 

phosphopeptide from this region of Asl. Sera from these rabbits were depleted of 
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antibodies that recognise non-phosphorylated Asl by passing the sera over a column of 

non-phosphorylated peptide until there was no more immunoreactivity detectable 

against the non-phosphorylated peptide in ELISA assays. Antibodies were then purified 

from these depleted sera with a column containing the phosphopeptide.  

 

I stained Drosophila brain cells with this phosphospecific Asl antibody (anti P-Asl) and 

with an antibody recognising all forms of Asl. I also stained cells for Phospho-Histone 

H3 to mark mitotic cells. Remarkably, the staining showed that while the general Asl 

antibody recognised Asl in all cells (as it is localised to centrosomes throughout the cell 

cycle), the phosphospecific antibody stained Asl only in mitotic cells (Figure 3.3A). 

Importantly, this is consistent with the observation that phosphorylation on T373 is not 

needed to localise Asl to the centriole – rather, Asl is localised at the centriole 

throughout the cell cycle, but only in mitosis it becomes phosphorylated.  

 

Interestingly, Asl phosphorylation on T373 coincides with recruitment of Spd-2 and 

Cnn in mitotic cells (Figure 3.3B). Asl is thought to initiate the recruitment of Spd-2 

and Cnn to the centrosome in mitosis (Conduit et al., manuscript in preparation). My 

finding suggests that phosphorylation on T373 in mitosis (possibly by Cdk1) might 

“activate” Asl, so that it leads to the efficient recruitment of Spd-2 and Cnn and so to 

centrosome maturation. In order to test this hypothesis, I made transgenic flies 

expressing phosphomutant and phospho-mimicking forms of Asl.  
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3.7 Asl T373 phospho-mutants and phospho-mimicking flies 

do not have any obvious mitotic phenotypes in early 

embryos 

I generated transgenic flies expressing a non-phosphorylatable form of Asl tagged with 

GFP (AslS372A,T373A-GFP) and a form where T373 was exchanged for a Glutamate to 

mimic constitutive phosphorylation (AslT373E-GFP) driven by the ubiquitin promoter. I 

then crossed these transgenic inserts into an asl null mutant background and confirmed 

the expression of the transgenic inserts by western blot analysis (Figure 3.4A). Flies 

surviving on these mutated forms of Asl-GFP were viable and fertile, and I could keep 

them as homozygous stocks in the lab, suggesting that there are no major defects caused 

by loss of Asl T373 phosphorylation or by mimicking constitutive phosphorylation. 

 

I used these stocks to test the specificity of the Asl T373 phosphospecific antibody by 

staining brain cells of Asl-GFP, asl; AslS372A,T373A-GFP, asl and AslT373E-GFP, asl larvae 

with it. The phosphospecific antibody stains mitotic centrosomes in Asl-GFP, asl, but 

not in asl; AslS372A,T373A-GFP, asl and AslT373E-GFP confirming that it is specific to Asl 

phosphorylated on T373 (Figure 3.4B).   

 

Next, I started to analyse whether the Asl phospho-mutant or –mimetic flies showed any 

mitotic abnormalities. I decided to film early embryos, as functional centrosomes are 

essential for mitosis in embryos and one can observe many centrosomes as they rapidly 

proceed in synchrony through the cell cycle. Furthermore, major defects in PCM 

recruitment lead to a failure of embryonic development (Dix and Raff, 2007; Lucas and 

Raff, 2007; Varmark et al., 2007). I could, however, not detect any obvious mitotic 
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abnormalities in any of the stocks (Figure 3.5A). Thus, disappointingly, it appears that 

phosphorylation on Asl T373 is not essential for proper embryonic development, and it 

only has a minor, if any, role in PCM recruitment in embryos. 

 

3.8 Asl T373 phospho-mutant and phospho-mimetic flies do 

not have obvious impairments in PCM recruitment  

I wondered whether Asl T373 phospho-mutants might have a more subtle defect in 

PCM recruitment. I decided to examine the centrosomal recruitment of several PCM 

components in larval brain cells. I looked at Spd-2 and Cnn, as these proteins are 

thought to be directly recruited by Asl, and also at "-tubulin, which is recruited 

downstream of Spd-2 and Cnn (Conduit et al., manuscript in preparation). All three 

PCM proteins appeared to be recruited normally to centrosomes in larval brain cells 

(Figure 3.5B). These data suggest that phosphorylation of Asl T373 does not play a 

major part in regulating PCM recruitment. I furthermore tested whether Asl phospho-

mimetic flies might show any abnormal PCM recruitment in interphase, but no 

recruitment of Spd-2 could be detected to interphase centrosomes (Figure 3.5C). In 

comparison, asl mutant cells without an Asl-GFP transgene completely lack centrioles 

and PCM in third instar larval brains (Figure 3.5D). 
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3.9 Spd-2 from centrosomal fractions is phosphorylated at 

many sites  

My phosphoproteomic analysis identified several high confidence phosphorylation sites 

in Spd-2 in purified centrosome samples. Multisite phosphorylation in proteins is very 

common and can have many different functions (Cohen, 2000), and at least one 

centrosomal protein needs to be phosphorylated at several residues simultaneously in 

order to activate their function, the "-TuRC interacting protein Nedd1 needs to be 

phosphorylated on 4 different residues simultaneously to activate it to bind to "-tubulin 

in mammalian cells (Gomez-Ferreria et al., 2012). Therefore I decided to mutate several 

sites together and test whether the resulting construct would show a phenotype. I 

mutated the seven sites that were consistently phosphorylated across several 

experiments and/or had high Mascot ion scores (Table 3.1). In the peptide NLSPLSSPR 

S614 was phosphorylated with high confidence (Table 3.1), in addition I also mutated 

S617 although it was only found to be phosphorylated with lower probability 

(Supplementary Table 1). Furthermore, I also mutated directly adjacent Serines or 

Threonines in all phosphopeptides to avoid phosphorylation of these neighbouring 

residues, which could mask the phenotype of the phospho-mutations (Edwards, 1999), 

leading to a total of 11 mutated residues. All of these sites were phosphorylated only at 

the centrosome (apart from S614, which I found to be phosphorylated in the cytoplasm 

as well in a later repetition of the experiment). In total I mutated S121, T329, S397, 

S484, S569, S614, S617, S618, T672, S673 and S674 (Figure 3.6A). The resulting 

construct will hereafter be called Spd-2Pmutant-GFP.  
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3.10  Phosphorylation of 11 Spd-2 phosphosites is not required 

for localisation of Spd-2 to the centrosome 

I first wanted to test whether phosphorylation of Spd-2 on these 11 residues was 

required for localisation of Spd-2 to the centrosome. I tested this, by injecting mRNA of 

a Spd-2-GFP construct, in which these 11 Serine or Threonine sites were exchanged for 

Alanines, into early Jupiter-mCherry embryos. I filmed localisation of translated Spd-

2Pmutant-GFP and could see that it localised to centrosomes in a very similar manner to a 

WT DSpd-2-GFP protein (Figure 3.6B). The fluorescent signal of Spd-2Pmutant-GFP is 

actually a bit lower; however at this point no conclusions can be drawn from this as the 

amounts of mRNA injected into the embryos varies a lot due to experimental 

constraints. 

 

Therefore this result suggests that the phosphorylation at one or more of these sites is 

not required for localisation of Spd-2 to the centrosome, at least when endogenous Spd-

2 is present (as is the case in these embryos). 

 

3.11  Mutation of 11 Spd-2 phosphosites affects turnover of 

Spd-2 at the centrosome 

In order to test the behaviour of Spd-2Pmutant in the absence of endogenous WT Spd-2, I 

made transgenic flies expressing Spd-2Pmutant-GFP and crossed these into the spd-2 

mutant background. As a control, I also generated similar strains expressing a WT Spd-

2-GFP protein. I tested the resulting strains by western blot analysis (Figure 3.7A). Both 

the Spd-2-GFP, spd-2 and the Spd-2Pmutant-GFP, spd-2 strains were viable and fertile  
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and could be kept as homozygous stocks, indicating that the phospho-mutations do not 

cause any major impairment in PCM assembly. The spd-2 mutant is normally female 

sterile due to a failure to recruit PCM to the fertilising sperm centriole, which leads to a 

failure in pronuclear fusion and so to an arrest in embryonic development (Dix and 

Raff, 2007). 

 

I filmed early embryos from both of these lines and could detect no difference in 

progression through the cell cycle (Figure 3.7B). I noticed, however, that in the Spd-

2Pmutant-GFP, spd-2 embryos more Spd-2Pmutant-GFP “flares” appeared to be ejected 

from centrosomes (Figure 3.7C). Flaring occurs when pieces of the PCM break away 

from the centrosome and move outwards (and occasionally inwards as well) on the 

centrosomal MTs (Lee et al., 2001; Megraw et al., 2002). The level of flaring is thought 

to increase if the integrity of the PCM is in some way weakened, as occurs, for example, 

in Cnn mutant embryos (Lucas and Raff, 2007). This increased flaring therefore 

suggests that the Spd-2Pmutant-GFP protein is not as strongly maintained in the PCM as 

the WT protein. In support of this possibility, I measured the amount of Spd-2-GFP 

incorporated into the centrosome, and could see that in Spd-2Pmutant-GFP, spd-2 

embryos Spd-2-GFP levels were ~20% lower than in Spd-2WT-GFP, spd-2 embryos 

(Figure 3.7D). These data suggest that the Spd-2Pmutant-GFP may be recruited to the 

centrosome normally, but that it is not properly maintained in the PCM. A possible 

caveat to this interpretation is that the expression levels of Spd-2Pmutant-GFP in brain 

cells appear to be lower than in the corresponding Spd-2WT-GFP strain (Figure 3.7A). If 

this was the case in embryos, then lower levels of cytoplasmic Spd-2 could lead to 

lower levels in the centrosome. I think this unlikely, however, as it has been found that 

halving the amount of cytoplasmic Spd-2 (in heterozygous spd-2 mutant embryos) does 
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not lead to lower levels of Spd-2 at the centrosome (Paul Conduit, personal 

communication).  

 

3.12  Discussion 

I have described the identification of phosphorylation sites in the centrosomal proteins 

Asl and Spd-2 using immuno-isolation of centrosomal and cytoplasmic proteins coupled 

with a phosphoproteomic approach. In Asl, one site (T373) was identified as being 

phosphorylated when Asl was at the centrosome, but not when it was in the cytoplasm. 

Excitingly, this site is a consensus polo-box binding site (see below) (Elia et al., 2003a). 

I obtained peptide antibodies that were specific for the T373 phosphorylated form of the 

protein and found that although Asl is associated with the centrioles throughout the cell 

cycle, it only becomes phosphorylated during mitosis. This coincides with the timing of 

mitotic PCM recruitment, raising the possibility that phosphorylation of Asl might be 

the crucial event that allows Asl to recruit Spd-2 and Cnn, so triggering centrosome 

maturation. Disappointingly, however, my analysis of Asl phospho-mutant flies in the 

asl mutant backgroundshow that phosphorylation of Asl on T373 is not essential for 

localising Asl to centrioles or for mitotic PCM recruitment. 

 

Nevertheless, it cannot be ruled out that the phosphorylation of Asl at T373 may play a 

part in mitotic PCM recruitment. It is intriguing that the T373 site resembles a Cdk1 

phosphorylation motif, and furthermore a polo box binding motif. The idea that Cdk1 

might phosphorylate T373 in mitosis to recruit Polo/Plk1 to the centrosome is very 

attractive, as Polo is known to have a major role in recruiting the PCM during mitosis in 

flies (Dobbelaere et al., 2008). My analysis has shown that the centrosomal fractions of 

DSpd-2 and Cnn are phosophorylated, and it seems very likely that Polo will be 
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responsible for at least some of these phosphorylations; indeed, the phosphorylation of 

Cnn at centrosomes in S2 cells is known to be Polo-dependent (Dobbelaere, 2008). 

Although my experiments reveal that Asl T373 phosphorylation is neither necessary nor 

sufficient to trigger mitotic PCM recruitment, perhaps this is not surprising. In cultured 

cells the Plk1 dependent phosphorylation of several sites in Pericentrin seems to be all 

that is required to drive the recruitment of many, but not all, PCM components to the 

centrosome (Lee and Rhee). It could be argued, however, that having such a 

complicated process depend on the phosphorylation status of only a single protein is a 

risky strategy, as PCM recruitment could be triggered inappropriately relatively easily. 

 

In vivo, it seems more likely that several proteins might have to be phosphorylated to 

trigger robust PCM recruitment. Perhaps Asl T373 phosphorylation does play a part in 

triggering mitotic PCM recruitment, but, in vivo, this process is regulated by multiple 

mechanisms, so preventing the phosphorylation of only one site on one protein is not 

enough to significantly perturb the process. I suspect, therefore, that a more careful 

examination will reveal that PCM recruitment is slightly perturbed in the Asl phospho-

mutant flies. A good way to test this would be with FRAP experiments: the fluorescence 

of GFP-fusion protein of interest at the centrosome is bleached, and then the efficiency 

of fluorescence recovery gives an indication of how efficiently the protein is being 

recruited to the centrosome. It would be interesting to test whether the recovery of Spd-

2-GFP and/or GFP-Cnn is subtly perturbed when Asl cannot be phosphorylated at T373. 

 

Moreover, it is clear that Polo/Plk1 activity is regulated at many levels—in flies, for 

example, Polo/Plk1 is sequestered to microtubules in interphase via the microtubule-

associated protein Map205, and this inhibits its cellular activity.  The phosphorylation 

of Map205 by Cdk1 at mitotic entry relieves binding to Polo/Plk1, allowing Polo to 
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fulfil its mitotic functions (Archambault et al., 2008). I am planning to assess the effects 

of the Asl phospho-mimetic strain in a map205 mutant background. If it turns out that 

Asl T373 phosphorylation does have a subtle role in triggering mitotic PCM recruitment 

then in vitro kinase assays to identify the kinase that phosphorylates T373 and binding 

assays to determine whether the Polo box domain can bind to phosphorylated Asl will 

be required to further dissect the role of this phosphorylation event. 

 

In contrast to Asl, I identified several different sites that were preferentially 

phosphorylated on the centrosomal fractions of Spd-2. It has been proposed that Spd-2 

and Cnn are the key players in mitotic PCM recruitment in flies as they provide a PCM 

scaffold around the centrioles that other PCM proteins bind to (Conduit et al., 2010). 

Multi-site phosphorylation of proteins can lead to changes in surface charges of proteins 

and/or conformational changes, potentially explaining how Spd-2 and Cnn could be 

activated by phosphorylation to allow them to form scaffold structures only around the 

centrioles and only in mitosis. Indeed, I obtained some evidence that Spd-2 

phosphorylation is important for the maintenance of Spd-2 at the centrosome, as the 

combined mutation of several of these phosphorylation sites had a clear, but relatively 

minor, effect on the ability of Spd-2 to be retained within the PCM. Future experiments 

will require FRAP analysis to measure the recruitment rate of Spd-2Pmutant-GFP to the 

centrosome to find out whether only maintenance of Spd-2Pmutant-GFP at the centrosome 

is perturbed, or if the recruitment of Spd-2Pmutant-GFP to the centrosome is also 

impaired.  

 

A possible caveat of our analysis is that it does not represent an exhaustive analysis of 

all phosphosites in Spd-2. We narrowed down the number of phosphosites that we could 

feasibly mutate, so that some highscoring sites were neglected in our analysis 
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(ANSSPAGSEASSTSGFTASGR and DFGISPNLAK Supplementary Table 1). 

Furthermore, the sequence coverage (the part of Spd-2 that could be detected in the LC-

MS/MS experiments) of Spd-2 was ~30%, which means that many potentially important 

phosphorylation sites were not detected at all in our analysis.  

 

Recent experiments by Paul Conduit suggest that, similar to Spd-2, the loss of multiple 

phosphorylation sites in Cnn can lead to a phenotype where the amount of PCM 

organised by centrosomes in embryos is drastically reduced. We plan to test in the near 

future whether the combined abrogation of phosphorylation in both Spd-2 and Cnn can 

completely abolish PCM recruitment in flies.  
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4 The role of Sak kinase in centrosome assembly 

4.1 Introduction 

Drosophila Sak kinase and its homologues in mammalian cells (Plk4) and C. elegans 

(Zyg1) are essential for centriole duplication (Bettencourt-Dias et al., 2005; Habedanck 

et al., 2005; Peters et al., 2010). The levels of Sak/Plk4 in the cell are very low and are 

tightly regulated; this is accomplished, at least in part, by trans-autophosphorylation of 

the downstream regulatory element (DRE) (Figure 4.1A). The SCF E3 ligase recognises 

autophosphorylated Sak/Plk4, mediated by binding of the F-box protein Slimb (#-TrCP 

in mammals) to the DRE, and targets it for degradation by the proteasome (Cunha-

Ferreira et al., 2009; Guderian et al., 2010; Rogers et al., 2009; Sillibourne et al., 2010). 

In Drosophila the autophosphorylation of Sak is counteracted by the phosphatase PP2A 

together with its targeting unit Twins (Brownlee et al., 2011). Tight regulation of 

Sak/Plk4 levels is crucial as overexpression leads to centriole overduplication (Kleylein-

Sohn et al., 2007; Peel et al., 2007), which has been linked to chromosome 

missegregation (Ganem et al., 2009; Silkworth et al., 2009), tumourigenesis in flies 

(Basto et al., 2008) and microcephaly in mice (Marthiens et al., 2013). Furthermore, 

Plk4 has been shown to be aberrantly expressed in human colorectal and liver cancer 

(Ko et al., 2005; Macmillan et al., 2001).   

 

In contrast to Plk1-3, Sak/Plk4 has three Polo Boxes (PB) (Figure 4.1 A). The PB1-PB2 

cassette binds to Asl and mediates dimerisation (Dzhindzhev et al., 2010a; Slevin et al., 

2012), while PB3 also facilitates dimerisation and binds to an unknown centriolar target 

(Leung et al., 2002). Despite extensive efforts the target substrates of the Sak/Plk4 

kinase that are essential for centriole duplication have not yet been convincingly 
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identified. For example, Plk4 has been shown to phosphorylate CPAP (the mammalian 

homologue of DSas-4), but this is not required for procentriole assembly (Chang et al., 

2010). SAS-6 proteins act early in the duplication pathway and are recruited to 

centrioles by Sak/Plk4 (Delattre et al., 2006; Kleylein-Sohn et al., 2007; Lettman et al., 

2013; Pelletier et al., 2006a; Stevens et al., 2010b); initial data suggested that SAS-6 

was indeed phosphorylated by C. elegans Zyg1 and this was essential for centriole 

duplication (Kitagawa et al., 2009). It has recently been shown very convincingly, 

however, that although a direct interaction between Zyg1 and SAS-6 is required to 

recruit SAS-6 to centrioles, ZYG-1 does not phosphorylate DSas-6 in worms (Lettman 

et al., 2013). Importantly, the kinase activity of ZYG-1 is subsequently needed for 

cartwheel assembly, but this appears to be via the phosphorylation of a different, as yet 

unknown, target (Lettman et al., 2013). Similarly in Drosophila it is known that Sak 

promotes the recruitment of a complex of Sas6 and Ana2 to the mother centriole 

(Stevens et al., 2010b), but it remains to be elucidated how Sak catalyses their 

incorporation into the cartwheel structure. 

 

While Sak/Plk4 is clearly required for a very early step in centriole assembly, it is not 

clear whether Sak is needed for any later steps in centriole or centrosome formation. A 

weak hypomorphic mutation of Sak caused by a P-Element insertion into the coding 

region has been described in Drosophila (Bettencourt-Dias et al., 2005), but these flies 

still contain centrioles in most of their cells and these centrioles appear to organise 

relatively normal centrosomes. In order to better address the open questions that remain 

about the function of Sak I decided to generate a null mutation in the sak gene. Using 

this mutant in combination with Sas-6/Ana2 Particles (SAPs) as a proxy for 

centrosomes, I was able to show in collaboration with other people in our lab that Sak is 
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required for proper cartwheel assembly but not for any other step in the centriole or 

centrosome assembly pathway. 

 

4.2 Sak localisation by super-resolution microscopy 

I first wanted to assess the localisation of Sak within the centriole by using three-

dimensional structured illumination microscopy (3D-SIM). In 3D-SIM the specimen is 

excited by an illumination pattern that varies both laterally and axially. Interference of 

the illumination pattern with the sample leads to a Moiré pattern visible in the emission 

pattern from which a high-resolution image of the specimen can be generated using 

image reconstruction algorithms (Gustafsson et al., 2008; Schermelleh et al., 2008; 

Schermelleh et al., 2010). By using 3D-SIM an eightfold increased resolution compared 

to the resolution of a standard confocal microscope can be facilitated.  

 

The endogenous Sak levels are too low for detection by antibodies (Bettencourt-Dias et 

al., 2005), therefore I used a ubiquitin-driven Sak-GFP line (Peel et al., 2007) that leads 

to moderate overexpression of Sak. The GFP signal was enhanced by staining with the 

GFP-booster antibody, and I co-immunostained with anti-Asl antibodies to stain the 

outer wall of the centriole (Lawo et al., 2012; Mennella et al., 2012; Sonnen et al., 

2012). Interestingly, I could detect a small amount of Sak-GFP localising to the very 

base of the daughter centriole (arrowheads), and to an extended “patch” on the walls of 

the proximal ends of both mother and daughter centrioles (Figure 4.1B). This strongly 

suggests that Sak-GFP is marking the position on the mother centriole where the 

existing daughter centriole was first formed (the staining at the very base of the 

daughter centriole) and also the site on the both mother and daughter centrioles at which 
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new daughter centrioles will assemble during the next round of centriole duplication 

(the patch of staining found on both centriole walls).  

 

Previous studies have also examined the localisation of Sak/PLK4 using super-

resolution microscopy. In cultured Drosophila cells Sak was shown to have a very 

similar distribution to Asl in a cylindrical structure (Fu and Glover, 2012). In contrast, 

in human cultured cells Plk4 was localised as a distinct dot lying on a ring structure 

formed by Asl (Sonnen et al., 2012). Even more interestingly, this dot colocalised with 

SAS6 and appeared to be present before SAS6 was recruited, suggesting that the site on 

the mother centriole where a nascent procentriole is formed is determined prior to 

detectable recruitment of SAS6, and that Plk4 is an early marker for this site (Sonnen et 

al., 2012). The localisation of PLK4 in human cells is therefore quite similar to the 

staining of Sak that I detect in Drosophila spermatocytes.  

 

4.3 Making a sak mutant by imprecise P-element excision 

The existing Sak hypomorphic mutant allele, sakc06612, is caused by a P-Element 

insertion into the coding region of the sak gene (indicated by blue arrow in Figure 4.2A) 

(Bettencourt-Dias et al., 2005). Sakc06612 flies have reduced centriole numbers and hold 

up their wings indicating slight uncoordination, but in contrast to other mutations in 

core centriole duplication proteins (that die as adults because they cannot walk and 

feed), homozygous sakc06612 adults are at least sufficiently viable to live long enough to 

lay fertilised eggs, although these eggs then fail to develop (Rodrigues-Martins et al., 

2008). To properly assess the function of Sak we thought it important to generate a 

stronger allele. We therefore attempted to make a sak null mutant by generating 

deletions within the sak gene by imprecise P-Element excision (as described in Section 
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2.1.4). I first chose a P-Element located towards the C-terminal end of the sak coding 

region for the excision screen (P{GawB}SAKNP6647, indicated by red arrow in Figure 

4.2A), as I planned to screen by PCR for deletions that extended towards the N-terminus 

of the coding region. I found, however, that this P-Element could not be mobilised 

(unpublished observations). I then decided to repeat the P-element excision screen with 

a different P-Element (P{GSV1}GS3043, which is inserted in the 5’UTR of the 

neighbouring gene cdk12 as indicated by the green arrow in Figure 4.2A), and slightly 

upstream of the 5’UTR of the sak gene. 

 

In collaboration with Alan Wainman, a postdoc in the laboratory, I succeeded in 

mobilising the P-Element. We screened ~1000 flies carrying excisions of the P-element 

by PCR (primers indicated in Figure 4.2B – note orientation of genes are reversed 

compared to Figure 4.1A) and identified a single deletion within the sak gene (Figure 

4.2B and C). We named the allele caused by the deletion sakAa74. Sequencing of sakAa74 

revealed that the whole sak promoter region and the first third of the coding sequence, 

comprising nearly the entire kinase domain, were deleted (Figure 4.2B). Furthermore, a 

small part of the cdk12 5’UTR was deleted as well. We do not think, however, that the 

function of this gene is disrupted in sakAa74 as all phenotypes observed in sakAa74 are 

fully rescued by a GFP-Sak transgene (see below).  
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4.4 sakAa74 mutants completely lacks centrioles and cilia in 

larval stages 

I went on to analyse the phenotype of sakAa74 flies. Similarly to other fly strains with 

mutations in core centriole duplication proteins (Basto et al., 2006; Blachon et al., 2008; 

Peel et al., 2007), sakAa74 flies developed and eclosed as morphologically normal but 

completely uncoordinated adults, that could neither walk nor feed (Figure 4.3A).  In 

contrast, the hypomorphic sakco6612 mutant flies were hardly uncoordinated and could 

feed and walk around. Expression of ubiquitin-driven GFP-Sak (Peel et al., 2007) 

rescued the lack of coordination of sakAa74 flies. As discussed in section 1.2.5 

uncoordinated behaviour of flies with mutations in core centriole duplication proteins 

originates from the lack of basal bodies and concomitant lack of cilia in their 

mechanosensory neurons, and I confirmed that this was the case in sakAa74 flies (Figure 

4.3B). Flies without centrioles go through larval development with near normal timing 

(Basto et al., 2006), so I wanted to test whether sakAa74 flies would develop at 

comparable rates. I assessed the percentage of larvae pupating per day for sakAa74 and 

DSas-4 mutants and for GFP-Sak, sakAa74 and DSas-4-GFP, DSas-4 (Figure 4.3C). 

DSas-4 mutants (as previously reported in Basto et al., 2006) and sakAa74 mutants were 

both slightly delayed in pupation, and this delay was rescued by expressing GFP-Sak or 

DSas-4GFP, respectively, in the mutant backgrounds (Figure 4.3C).  

 

The hypomorphic sakco6612 mutant has reduced centriole numbers, but there are still 

many larval brain cells with two or one centrosomes present (Bettencourt-Dias et al., 

2005). In order to analyse whether sakAa74 larval brain cells still contained centrioles I 

crossed the centriolar marker GFP-PACT (Martinez-Campos et al., 2004) into the 

sakAa74 background to visualise centrioles. While in WT brain cells expressing GFP- 
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PACT many centrioles were visible, no centrioles could be detected in sakAa74 cells 

(Figure 4.4A). I next quantified centriole numbers in larval brains stained with anti-Asl 

and anti-Cnn, and could see that while 30% of sakco6612 cells lacked centrioles, 100% of 

sakAa74 cells did not have any centrioles (Figure 4.4B). The sakAa74 mutant crossed over 

the sak deficiency also completely lacked centrioles, indicating that sakAa74 most likely 

is an amorph. Crossing a GFP-Sak transgene into the sakAa74 mutant background lead to 

reappearance of centrioles, and in fact to centriole overduplication because the ubiquitin 

promoter leads to Sak-GFP overexpression. Finally, I assessed the mitotic index of 

sakAa74 mutant brains: it was slightly elevated (1.5%) compared to WT (1%) (n=16200 

cells per genotype from 8 brains), presumably due to the slightly longer time it takes to 

assemble acentrosomal mitotic spindles (Basto et al., 2006). 

 

Having now established a sak mutant that completely lacks centrioles, we next 

attempted to use this as a tool to elucidate the exact step(s) Sak is responsible for in the 

centrosome assembly pathway.  

 

4.5 Sak kinase plays a role in formation of the central 

cartwheel structure 

Studying the centrosome assembly pathway in Drosophila is impeded by one major 

obstacle: in the absence of any one of the core centriole duplication proteins there are no 

centrioles formed at all, and hence it is not possible to analyse the molecular pathway of 

centriole assembly. Overexpressing the centriole duplication proteins GFP-Ana2 and 

GFP-Sas6 can lead to the formation of structures called SAPs (Figure 4.5A,B), that 
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consist of extended tubules that resemble the inner cartwheel of the centriole (Figure 

4.5C) in Drosophila testis (Stevens et al., 2010b). These structures also form in embryos  

and unfertilised eggs that overexpress GFP-Ana2 and GFP-Sas6, but here they appear to 

be less ordered than the structures observed in testes. Unlike in testes, where the SAPs 

recruit several other centriole proteins (such as DSas-4 and Cep135) but do not recruit 

any PCM proteins, the SAPs in eggs and embryos recruit most, if not all, centriole and 

centrosome proteins and they organise PCM and MTs in a manner that is virtually 

indistinguishable from centrosomes (Catarina Vicente and Hélio Roque, unpublished 

data). Most importantly for my studies, SAPs can form in testes and eggs/embryos even 

in the absence of some of the core centriole duplication proteins, making them a 

powerful model to study the molecular role of centriole duplication proteins (and this 

has been extensively analysed by Catarina Vicente, a DPhil student in our lab).  

 

I first wanted to assess whether the highly ordered structure of SAPs in testes was 

maintained in sakAa74 mutants. In collaboration with Hélio Roque (who performed the 

Electron Tomography (ET) on testes sections) we observed that sakAa74 SAPs were 

much more disorganised than WT SAPs (Figure 4.5D). There were many more “holes” 

in the internal regions of the SAPs, and there were very few well-defined cartwheel-like 

structures within the body of the SAPs (Figure 4.5D,E) compared to WT (Figure 

4.5A,B). Thus, although GFP-DSas-6 and GFP-Ana2 appear to be able to still come 

together to form SAPs, they fail to assemble and/or maintain a stable cartwheel 

structure, indicating that Sak activity is required for cartwheel assembly – the first 

known step in the centriole assembly pathway. 
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4.6 Sak kinase is not needed for PCM recruitment 

Next, I wanted to assess whether Sak is required for any later steps in the centrosome 

formation pathway and, in particular, whether Sak is required for efficient PCM 

recruitment. I therefore decided to look at the composition of SAPs in Drosophila eggs 

in the absence of Sak. SAPs in eggs are more suitable for this analysis, as they do not 

appear to normally form the intricate cartwheel-like structures seen in testis SAPs, and, 

in the WT situation, they robustly recruit PCM in a manner very similar to the way 

centrioles recruit PCM (Catarina Vicente, personal communication). 

 

SakAa74 flies are uncoordinated, however, so they cannot mate and they cannot lay any 

eggs. Together with Alan Wainman, therefore I collected newly eclosed sakAa74 mutant 

females and manually fed them for several days with sugar solution to keep them alive 

and give enough time for some of the oocytes in the females to mature to stage 14. 

Furthermore, the mature oocytes then needed to be chemically activated, which would 

normally happen during the egg laying process (Horner and Wolfner, 2008). The 

protocol for this in vitro activation of eggs (Horner and Wolfner, 2008) and subsequent 

fixation, antibody staining, microscopy and data analysis were performed by Catarina 

Vicente. The results showed that, most surprisingly, all three proteins tested (DSas-4, 

Asl and !-tubulin) localised to SAPs in the absence of Sak, indicating that Sak is not 

needed for their recruitment (Figure 4.6A). Furthermore, quantification of fluorescence 

levels showed that these proteins were recruited to the same levels as they were 

recruited in WT SAPs  (Figure 4.6B). These data show that DSas-4 and Asl do not 

depend on Sak for their recruitment to SAPs and the presence of WT levels of !-tubulin 

associated with sakAa74 SAPs suggests that PCM recruitment is not perturbed in the 

absence of Sak. These data strongly suggest that Sak is only essential for the very first  
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step of centriole assembly - the formation of the cartwheel structure composed of Ana2 

and DSas-6, and probably some additional proteins. All subsequent steps of centriole 

and centrosome assembly probably do not require any further Sak protein or Sak kinase 

activity. 

  

4.7 Kinase dead Sak leads to centriole amplification in the 

presence of endogenous Sak  

In mammalian cells it has been shown that overexpression of kinase dead Plk4 (Plk4-

KD) can lead to amplification of centrioles in the presence of endogenous Plk4. This is 

caused by the ability of Plk4-KD to dimerise with endogenous Plk4, and so prevent the 

efficient trans-phosphorylation of the endogenous Plk4, thereby inhibiting the 

recognition of endogenous Plk4 by the SCFbetaTrCP complex and its subsequent 

degradation by the proteasome (Guderian et al., 2010). In contrast to this observation, 

overexpression of kinase dead Sak (Sak-KD) in Drosophila embryos led to embryos 

lacking centrosomes, suggesting that Sak-KD was acting as a dominant-negative and  

inhibiting centriole duplication (Rodrigues-Martins et al., 2008). As this contradicts the 

data in human cells I decided to re-assess the effects of overexpressing Sak-KD in 

Drosophila. 

 

I made a GFP-tagged Sak construct in which Lysine43 in the kinase nucleotide motif 

was replaced by Methionine (hereafter, GFP-SakKD), which renders the kinase domain 

inactive (Sillibourne et al., 2010). I tried to establish stable transgenic lines expressing 

GFP-SakKD under control of the ubiquitin promoter, but despite three rounds of embryo 

injections performed by BestGene, no transgenic line expressing the construct  
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could be identified. Therefore I decided to use the UAS/Gal4 promoter system to try to 

generate stable transgenic lines that would conditionally overexpress GFP-SakKD. With 

this strategy I was able to generate stable transgenic lines. I then crossed these lines to 

Act5cGal4 lines to drive the overexpression of UAS- GFP-SakKD lines in all cells. 

Perhaps surprisingly, these flies were viable, and I was able to analyse centriole 

behaviour in larval brain cells. Interestingly, the overexpression of GFP-SakKD caused 

centriole amplification in many cells (Figure 4.7A). 

 

I next quantified centriole numbers in both Sak-GFP and SakKD-GFP overexpressing 

cells and my data showed that while both drove centriole amplification, wild type Sak-

GFP was able to drive it to a higher extent (Figure 4.7B). In order to interpret this result 

it will be important to assess the ability of Sak-KD to rescue the centriole duplication 

defect of the sakAa74 mutant and so to see whether it can support centriole duplication 

and promote overduplication on its own. I suspect that Sak-KD will not be able to 

function in centriole duplication, and I am currently crossing UAS-SakKD-GFP into the 

sakAa74 mutant background to enable me to perform this experiment. 

 

4.8 Discussion 

I here describe how I have generated a new sak mutant allele by imprecise P-Element 

excision. This new allele appears to be much stronger than the previously existing allele 

as, like all other strong centriole duplication mutants (Basto et al., 2006; Blachon et al., 

2008; Peel et al., 2007), these sak mutant flies are strongly uncoordinated and they 

appear to completely lack centrioles in their larval brain cells and cilia in their sensory 

neurons. Unfortunately it is not possible to test by western blot analysis whether sakAa74 

is a true null mutation, or whether a part of the Sak protein is still being produced, as 
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we, and others, have been unable to detect endogenous Sak protein by western blotting. 

I think this is unlikely, however, as both the promoter and first third of the sak gene are 

deleted. Thus, sakAa74 is at least a strong hypomorph, and probably a null mutant. 

SakAa74  and sakAa74/sakdeficiency both completely lack centrioles in third instar larval 

brains, further indicating that sakAa74 presumably is an amorph.  

 

Working together with others in the laboratory, I used the sakAa74 mutation in 

combination with SAPs (as a proxy for centrosomes) to try to pinpoint the exact step(s) 

in the centrosome assembly pathway where Sak is required. Our data reveal, that in the 

absence of Sak, overexpression of GFP-Ana2 and GFP-DSas-6 still leads to formation 

of large complexes, but these are much less well-organised and contain many fewer of 

the extended tubules that resemble the central cartwheel structure in WT SAPs. This 

indicates that Sak is likely required to lock Ana2 and DSas-6 into a stable cartwheel 

structure. Furthermore, my localisation of Sak by super-resolution microscopy supports 

its involvement in cartwheel formation, as I found GFP-Sak was localised to the base of 

the cartwheel and also to the sides of mother and daughter centrioles, the sites where a 

new procentriole would presumably assemble. 

 

Most interestingly, analysis of the composition of SAPs in sakAa74 embryos showed that 

recruitment of downstream centrosomal proteins and MT nucleation ability were not 

affected, strongly suggesting that Sak is only required for cartwheel assembly but not 

for PCM recruitment. As described above, these experiments are technically 

challenging, as one has to keep the Sak mutant females alive by manual feeding long 

enough for them to develop mature stage 14 oocytes, and then one has to activate these 

oocytes in vitro to drive the formation of SAPs, a process that is not very efficient 

(Catarina Vicente, personal communication). For this reason, only a relatively small 
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number of markers were tested, and the experiment has only been performed one time 

(although the result was very clear cut). Thus, it will be necessary to repeat this 

experiment and to look at the behaviour of more centriole and PCM proteins to better 

understand what is happening to the SAPs in the absence of Sak. Nevertheless, it is 

striking that morphologically normal SAPs that recruit normal amounts of centriole 

(Asl) and PCM (Cnn) proteins and organise normal amounts of MTs can be formed in 

the absence of Sak. 

 

I have shown that in close accordance with experiments in human cells overexpression 

of kinase dead Sak can lead to centrosome amplification. This might be caused by the 

ability of SakKD-GFP to dimerise with endogenous Sak, which leads to its stabilisation 

through its inability to transphosphorylate the WT-Sak in the phosphodegron motif 

(Guderian et al., 2010). It has recently been shown in C. elegans that the Sak 

homologue Zyg1 recruits Sas-6 to the centriole by directly binding to it, and 

subsequently catalyses the assembly of a cartwheel structure by phosphorylating a target 

other than Sas-6 (Lettman et al., 2013). Similarly, in Drosophila, it has been shown that 

Sak recruits Ana2 and DSas-6 to the centriole (Stevens et al., 2010b). It would be 

interesting to address whether this process is also independent of the kinase function of 

Sak by using the GFP-SakKD construct I have described here.  

 

The next step in the analysis of the molecular function of Sak in centriole duplication 

would be the identification of its target protein. Importantly, this experiment can now be 

addressed in Drosophila using the sakAa74 mutant I have made. For example, it might be 

possible to immunoprecipitate SAPs from sakAa74 mutants to yield samples enriched for 

centrosomal proteins, and then use a phosphoproteomic approach with specific 

candidate proteins, as I described for my analysis of Asl and DSpd-2 in Chapter 3. 
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5 A global transcriptional analysis of cells without 

centrosomes and with too many centrosomes 

5.1 Introduction 

As discussed in Section 1.1.2, centrosomes have important functions in many cell 

processes such as mitotic spindle assembly, cell polarity, and the positioning of 

organelles within the cell (Bettencourt-Dias and Glover, 2007; Doxsey et al., 2005; 

Nigg and Raff, 2009). In addition, centrosomes are thought to act as “coordination 

centres” within the cell where many proteins come together at high concentrations. 

Many cell cycle regulators and checkpoint proteins, for example, are concentrated at 

centrosomes, and Cdk1/Cyclin B is first activated at centrosomes during the entry into 

mitosis (Jackman et al., 2003) while Cyclin B is first destroyed at centrosomes during 

the exit from mitosis in fly embryos (Wakefield et al., 2000). There is also evidence that 

the localisation of Cdk2/Cyclin E to centrosomes is required for the proper initiation of 

S-Phase (Ferguson and Maller, 2010). 

 

Several studies have addressed how centrosome loss affects cells. Early studies showed 

that microsurgical removal of centrosomes from monkey kidney cells could lead to cell 

cycle arrest prior to S-Phase entry (Hinchcliffe, 2001; Maniotis and Schliwa, 1991).  

This result could be repeated in human cells, where depletion of several centrosomal 

proteins lead to a p38-, p53- and p21-dependent cell cycle arrest in G1 (Mikule et al., 

2007; Srsen, 2006). It was later shown, however, that microsurgical removal of 

centrosomes does not affect cell cycle progression by itself (Uetake et al., 2007). 

Interestingly, the authors showed that acentrosomal cells were more sensitive to 

exposure to blue light (which is used to excite GFP when imaging these cells). They 
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suggested, that centrosome loss was perceived as a stress which induces some p38 

activation, but only when in combination with other stresses (such as blue light 

exposure) are the levels of the stress-sensor kinase p38 sufficiently high to cause a cell 

cycle arrest (Uetake et al., 2007). Given that these studies have shown that the loss of 

centrosomes or loss of their structural integrity can lead to a cellular stress response, it 

was very surprising when it was shown that flies that lose their centrioles after 

embryonic stages can proceed to develop to adulthood at near-normal rates (Basto et al., 

2006) These flies, which are mutant for the centriole core duplication factor DSas-4, 

divide their cells by forming acentrosomal mitotic spindles. They eclose as 

morphologically normal adults, but after eclosion they are uncoordinated (unc) due to 

the lack of cilia in their sensory neurons, and die because the lack of mechano- and 

chemo-sensation means they cannot walk or feed.  

 

Similarly, two years later, our lab showed that flies that have amplified centrosomes in 

most of their cells can also divide their cells in a bipolar fashion and develop to 

adulthood without major impairments, and can even be kept as viable and fertile stocks 

(Basto et al., 2008). These flies express a GFP-Sak fusion protein under the control of 

the Ubiquitin promoter, leading to overexpression of the centriole duplication factor Sak 

in all cells (these flies will be called SakOE in the following). The only defects that 

were found in these fly lines lacking centrosomes or having too many centrosomes, 

were a slowing down of somatic cell divisions (as it took cells longer to assemble a 

bipolar spindle), a small increase in chromosome segregation errors, and perturbations 

in the asymmetric divisions of larval neural stem/progenitor cells (neuroblasts). 

Interestingly, the failures in neuroblast asymmetric divisions (9% of SakOE neuroblasts 

and 15% of DSas-4 neuroblasts ultimately divided symmetrically) are linked to a 

malignant overgrowth of brain tissue in abdominal transplantation assays (Basto et al., 
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2008; Castellanos et al., 2008). This predisposition to tumourigenesis in cells lacking 

centrosomes or having too many centrosomes is thought to be explained by the inability 

of the mitotic spindle to correctly align to the neuroblast polarity axis, leading to the 

misdistribution of cell fate determinants. This results in production of two stem cells 

rather than a stem cell and a ganglion mother cell, and therefore could lead to 

overgrowth of the respective brain tissue (Castellanos et al., 2008; Gonzalez, 2007). It 

is, however, still not completely understood how the overgrowing stem cells can 

develop malignant traits. It is possible that the small increase in chromosome 

missegregation and the resulting aneuploidy could also be factors that promote 

formation of malignant tumours in these tissues, but this remains to be further 

investigated.  

 

Following the demonstration that flies can proceed through the majority of their 

development without centrioles, the point was raised that although these flies appear to 

progress through development relatively normally, this alone would not suffice to prove  

“the dispensability of a cell function” (Gonzalez, 2008). Although these flies survive, 

perhaps they only do so because they up-regulate compensatory pathways and/or stress 

responses. The observation that brain cells without centrosomes are predisposed to form 

tumours (at least in abdominal transplantation assays) (Castellanos et al., 2008) would 

indeed argue that these cells are not completely normal. Similarly, it is also surprising 

that having too many centrosomes in cells appears to be relatively well tolerated by 

flies, given that such centrosome amplification is strongly associated with human 

cancer, and also leads to tissue overgrowth and tumour formation (at least in an 

abdominal transplantation assay) in flies (Basto et al., 2008). 

 



 

     111 

When I started my D.Phil., I decided to investigate how the loss of centrosomes or 

centrosome amplification affects Drosophila cell physiology in vivo, in particular 

asking whether these two cellular states induce either a stress response or an up-

regulation of some compensatory pathway(s). There are several possible readouts to 

assess cell physiology. For example, it would be possible to assess differences in protein 

abundance by using two-dimensional fluorescence difference gel electrophoresis, by 

using a mass spectrometric approach, or by using protein microarrays. Although these 

techniques can be sensitive, they can be difficult and expensive to perform and it can be 

difficult to detect changes in the levels of proteins with low abundance. Therefore I 

decided to do a genome-wide transcriptional profiling screen. I reasoned that any cell 

defects induced by centrosome loss or amplification would likely induce physiological 

changes, and at least some of these would be detectable as transcriptional changes. 

 

Here, I describe my global transcriptional analysis of flies developing without 

centrosomes or with too many centrosomes in the majority of their cells. Surprisingly, I 

have found that these centrosome defects lead to very few changes in the global 

transcriptome, strongly suggesting that centrosome loss or amplification per se does not 

dramatically perturb Drosophila cell physiology in vivo. 

 

5.2 Strategy for comparing the global transcriptome of cells 

that lack centrosomes or have amplified centrosomes 

To assess the transcriptome of cells lacking centrosomes I used two different 

Drosophila mutant strains, DSas-4 and DSas-6, which lack centrosomes in >95% of 

their cells during 3rd instar larval stages (Basto et al., 2006; Peel et al., 2007; Rodrigues- 
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Martins et al., 2007b) (Figure 5.1A,B). A strain over-expressing GFP-Sak (SakOE) has 

amplified centrosomes in ~70% of its cells (Basto et al., 2008) (Figure 5.1A,C). I 

compared these strains to two different wild type control strains – white67 (w67, a wild 

type line carrying a point mutation in the white gene) and the commonly used Wild 

Type (WT) strain OregonR (OrR). 

 

In initial pilot experiments I realised quickly that different Drosophila strains have a lot 

of inherent differences in gene expression, presumably due to their being inbred and 

kept apart in the lab for years or even decades. Therefore I needed to make the strains 

genetically as similarly as possible to the control strain in order to minimise variations 

between strains that are not due to the differences in centrosome numbers. I decided to 

backcross all test strains to my control strain w67 for several generations. After each 

backcrossing step I selected flies carrying the Pw+ marker associated with the P-

element insertions causing the DSas-4 and DSas-6 mutations or the SakOE transgenic 

insertion (Figure 5.2A). The w67 control stock was initially isogenised prior to the 

backcrossing, so that all flies in this stock contained a nearly identical set of 

chromosomes. I also backcrossed the OrR wild type strain and a strain with a TM6 

balancer chromosome to w67. In these crosses I selected flies with the endogenous w+ 

allele or the tubby marker of the TM6 chromosome after each generation, respectively. 

All strains were backcrossed to w67 for at least 5 generations, before they were crossed 

to the isogenised TM6 balancer chromosome, and the established stock was then 

directly used for microarray sample preparation. This enabled us to compare tissues 

from different genetic backgrounds, which were largely isogenic with the w67 control 

strain, apart from a small region around the insertion causing the mutations or sak 

overexpression (Figure 5.2B). 
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I decided to use 3rd instar larval imaginal discs and brains for the transcriptional 

profiling for two reasons: first, these tissues can be easily isolated from tightly staged 

wandering 3rd instar larvae; second, brains and imaginal discs are morphologically 

complex tissues that are highly polarised and mitotically active, so these tissues would 

be expected to be sensitive to centrosome defects. For each genotype I dissected brains 

and discs from 3 independent batches of ten 3rd instar larvae. I prepared total RNA from 

each batch, and performed genome-wide expression profiling using Drosophila 2.0 

GeneChips (Affymetrix). I did the sample preparation and microarry analysis under 

supervision of my collaborator Dr. Mitchell Levesque in his lab at the Max Planck 

Institute for Developmental Biology in Tübingen. With his advice I also performed the 

bioinformatical data analysis. I obtained lists of differentially expressed genes between 

the mutants and the wild type strains that were at least 1.5 fold differentially expressed 

and had adjusted P-values corrected for multiple hypothesis testing of $ 0.05.  

 

As an internal control I first compared the w67 strain to the WT OregonR strain. The w67 

mutation was isolated by Lefevre (Lefevre et al., 1966) in a WT Canton-S background 

which was collected in Canton, Ohio by C. Bridges in the 1920s, while the OregonR 

stock was collected by D.E. Lancefield in about 1925 near Roseburg, Oregon. The two 

wild type strains are therefore from different geographical origins and have been inbred 

in laboratories around the world for many decades. If my isogenisation protocol has 

worked and eliminated any variation in gene expression due to inherent strain 

differences, we would not expect any differences between the two wild type strains. 

Encouragingly, I did not find any significant changes in gene expression levels between 

these two strains. I then went on and compared the mutant strains to both wild type  

controls, and attempted to confirm the most highly up- and down- regulated genes by 

quantitative PCR (qPCR). Figure 5.3 shows a summary of the workflow. 
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5.3 The global transcriptome appears unaltered in DSas-6 

mutant tissue 

I first compared the gene expression of DSas-6 mutants to w67. Only two genes were 

significantly changed in DSas-6 mutants: DSas-6 itself, which was down-regulated by 

~16x (FDR-adjusted P-Value 0.005), and CG8245, which was ~10x up-regulated (FDR-

adjusted P-Value 0.004). When comparing gene expression of DSas-6 mutants to OrR 

wild type, I found DSas-6 consistently down-regulated by ~16x (FDR-adjusted P-Value 

0.001), while CG32795 was up-regulated by ~2x (FDR-adjusted P-Value 0.05) (Figure 

5.4A). I performed qPCR to test these results. Down-regulation of DSas-6 could be 

confirmed (Figure 5.4B). Interestingly, the qPCR confirmed that CG8245 expression 

levels were higher in DSas-6 mutants when compared to w67 (~40x), but not when 

compared to OrR - where levels approximately equalled the levels in DSas-6 mutants, 

thus explaining why this gene was not identified in the comparison between these two 

strains (Figure 5.4C). The qPCR also confirmed that CG32795 was slightly up-

regulated in DSas-6 mutants compared to OrR, but not when compared to w67 (Figure 

5.4D). The qPCR data therefore strongly support the microarray data, but reveal that the 

differential expression of these two genes is unlikely due to the differences in 

centrosome numbers, as the levels of CG8245 and CG32795 are also different between 

the two control strains. 
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I went back to my microarray data and saw that the differential expression of these two 

genes between the two control strains was picked up in the microarray comparison as 

well – but it did not score as statistically significant (data not shown). The qPCR data 

suggest that the microarray analysis provides a reliable comparison of the 

transcriptomes of the different strains. Remarkably, therefore, I conclude that there are 

few, if any, significant changes in the transcriptome of DSas-6 mutant brains and 

imaginal disc cells when compared to controls.  

 

5.4 A small number of genomic regions are aberrantly 

expressed in DSas-4 mutant tissues 

Next, I compared the transcriptome of the other mutant lacking centrosomes, DSas-4, to 

w67. 19 genes were up-regulated and 8 genes down-regulated (Supplementary Table 3). I 

also compared DSas-4 to the other wild type control, and found 15 genes to be up-

regulated and 7 genes down-regulated compared to OrR (Supplementary Table 4). 

When assessing the overlap between these two comparisons, I identified 14 genes that 

showed altered transcript levels when compared to both WT controls, one of which is 

the gene DSas-4 itself (Table 5.1, Figure 5.5A). The 14 genes did not cluster into any 

obvious functionally related groups, and it appeared unlikely that they were 

differentially regulated due to the lack of centrosomes – as these genes were not 

identified in my DSas-6 analysis.  Moreover, I noticed that some of the genes were 

located quite close to each other in the genome. The two most highly upregulated genes, 

Hsc70-2 and CG31157, for example, are located directly adjacent to each other (Figure 

5.5B). I performed qPCR on the 4 most up-regulated (Hsc70-2, CG31157, CG31287 

and CG9279) and the 2 most down-regulated genes (DSas-4 and wallenda) to confirm  
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Table 5.1. Genes significantly up or down-regulated in DSas4 mutant cells compared to both 
WT controls (!1.5-fold, adj.P-value " 0.05). 

Gene Map Fold 
Change1 Function2 

Hsc70-2 87D10-87D10 141.10 protein folding, response to heat 

CG31157 87D10-87D10 23.52 unknown 

CG31287 89B7-89B7 16.92 protein folding 

CG9279 76B6-76B6 8.81 microtubule-based movement 

miple 61B3-61B3 4.56 unknown 

Ugt86Di 86D5-86D5 3.45 metabolic process 

GstD3 87B8-87B8 2.25 unknown 

lig3 87B9-87B9 2.08 DNA ligation, DNA replication, DNA 
recombination 

Rbp4 86C6-86C6 1.88 mRNA processing 

CG3634 77E8-77E8 1.61 unknown 

TFIIFbeta 86C6-86C6 -2.07 transcription from RNA polymerase II 
promoter 

MED7 86C5-86C5 -2.13 transcription from RNA polymerase II 
promoter 

wnd 76B9-76B9 -2.34 protein phosphorylation 

DSas-4 84C6-84C7 -6.82 centriole duplication 
1Fold change compared to w67 is given 
2GO Term for Biological Function 

 

Table 5.2. Genes that are differentially regulated in both DSas-4 and DSas-6 among the 100 
most significant genes in each genotype. 

Gene CG11357 pathetic CG32541 CG13822 

Fold Change DSas-4 8.71 & (0.02a) 6.99 &  (0.024a) -1.26  (0.055a) 9.58  (0.065a) 

Fold Change DSas-6 5.31 & (0.45a)  5.31 &  (0.55a) -1.40  (1a) -1.18  (0.51a) 

DSas-4 3’ qPCR 8.5 fold & no change  n.d. n.d. 

DSas-4 5’ qPCR no change no change n.d. n.d. 

DSas-6 3’ qPCR 4 fold & 2.6 fold & n.d. n.d. 

DSas-6 5’ qPCR no change no change n.d. n.d. 
a (adjusted p-value) 
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the microarray results. For the qPCR experiments I designed two sets of primers for 

each gene – one that would amplify the region, in which the microarray probes bind 

(which are usually designed to bind to the 3’ region of genes) and one that would 

amplify a different region of the gene. As mentioned above, the two most up-regulated 

genes are lying adjacent to each other and are transcribed in the same direction. The 

qPCR analysis showed, that the 5’ region of Hsc70-2 was not up-regulated (Figure 

5.5B). The 3’ region, which is the region to which the microarray probes bind, was 

however, up-regulated by ~185x. Both the 3’ and the 5’ end of CG31157 were over-

expressed by 1400x and by 130x, respectively. I designed primers that would amplify 

the intergenic region between the two genes, and found that this region was also over-

expressed in DSas-4 mutants by ~260x. These results indicate that an unannotated 

transcript which spans at least the 3’ end of Hsc70-2, the 5’ and 3’ region of CG31157 

as well as the small intergenic region between the two genes is overexpressed in DSas-4 

mutants (Figure 5.5B).  

 

Similarly, for the genes CG9279 (Figure 5.5C) and wallenda (Figure 5.5E), my qPCR 

analysis confirmed that the 3’ regions of the genes were mis-regulated as the microarray 

suggested, but that the 5’ regions of each gene were not. For CG31287 I could not 

detect any alteration in transcription levels by qPCR for either the 3’ or 5’ regions, 

suggesting that this was a false positive in the microarray analysis (Figure 5.5D). 

Downregulation of DSas-4 mRNA in the DSas-4 mutant could be confirmed by qPCR 

(Figure 5.5F).  

 

Taken together, my results show that a small number of genomic regions are mis-

expressed in DSas-4 mutants. Interestingly, some of this mis-expression is due to the 

production of unusual transcripts that are not normally detected in WT cells. Although 
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the reason for this is unclear, these transcripts are unlikely to be mis-regulated due to the 

lack of centrosomes, as they were not mis-regulated in DSas-6 mutant cells. 

  

5.5 No genes appear to be consistently mis-expressed in DSas-

6 and DSas-4 mutant tissues 

As I did not identify any genes that were consistently up- or down-regulated in both 

mutants without centrosomes, I considered the possibility that this might be due to a 

high rate of false negatives. I therefore tested whether I could identify genes mis-

regulated in both DSas-6 and DSas-4 mutant tissues if I used a less stringent statistical 

cut-off value. I compared the overlap between the 100 most significantly differentially 

regulated genes in DSas-4 and DSas-6 mutants. Only 4 genes could be identified, which 

were differentially regulated in both mutants (Table 5.2). CG13822 was up-regulated in 

DSas-4 mutants but down-regulated in DSas-6 mutants, and CG32541 was only 1.26x 

down-regulated in DSas-4 and 1.4x down-regulated in DSas-6 and therewith below the 

cut-off of %1.5 fold differential regulation. These two genes therefore appear to be 

unlikely candidates for genes that might be differentially regulated in cells without 

centrosomes. The genes CG11357 and pathetic were up-regulated in both DSas-4 and 

DSas-6 mutants (Table 5.2), hence I decided to test their expression levels by qPCR. 

This showed that only the 3’ region of the two genes (the region the microarray probes 

bind to) was up-regulated, while the 5’ region was not (Table 5.2). Therefore these 

genes do not appear to be genuinely mis-expressed in cells lacking centrosomes 

(although the 3’ end of both genes may be up-regulated, again for unknown reasons). 

This analysis confirms that the lack of centrosomes in cells appears to lead to the 

consistent mis-expression of only a very few, if any, genes.  
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5.6 A small number of genes are differentially expressed in 

SakOE cells 

Next, I assessed the effects that having too many centrosomes has on cells by analysing 

gene expression in SakOE flies. When comparing SakOE to w67 and OrR wild types, I 

found 55 and 57 genes, respectively, to be differentially regulated (Supplementary 

Tables 5 and 6). 32 of these genes were found in both comparisons (Table 5.3 and 

Figure 5.6A). I did a Gene Ontology term (GO term) analysis to test whether any 

functionally related groups of genes were enriched in my dataset, but I could not 

identify any (Supplementary Tables 7A and 7B). I performed qPCR analysis on several 

of the most up- and down-regulated genes (CG32055, B52, CG14687, CG9279, 

GNBP2, Brf, CG11999 and CG7900), to test whether they were genuinely 

misexpressed. Five of these 8 genes could be confirmed to be genuinely mis-expressed 

(Figure 5.6B-F). Of the remaining 3, CG9279 was upregulated in the 3’region where the 

microarray probes bind, but was down-regulated in the 5’ region (perhaps indicating 

that an aberrant transcript was being produced as was the case with some of the mis-

regulated regions in the DSas-4 mutants) (Figure 5.6G). CG14687 and B52 appeared to 

be false positives, as either no or only a small change in expression levels was detected 

by the qPCR (Figure 5.6H,I). 

 

These data confirm that at least some of the 32 genes are genuinely up- or down-

regulated in SakOE cells. It is currently unclear whether this mis-expression is due to 

the centrosome amplification in these cells, and the GO term analysis of these genes did 

not show enrichment for any particular pathway or process. As I only find a relatively 

small number of genes that are consistently mis-regulated in SakOE cells, I conclude  
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Table 5.3. Differentially regulated genes in SakOE cells compared to both WT controls. (!1.5-
fold, adj.P-value " 0.05). 

Gene Map Fold 
Change1 Function2 

w 3B6-3B6 74.81 eye pigment biosynthetic process 

CG32055 67D11-67D11 43.82 unknown 

B52 87F7-87F7 14.38 nuclear mRNA splicing via spliceosome, 
mRNA splice site selection 

CG14687 86C6-86C6 8 unknown 

CG9279 76B6-76B6 7.57 microtubule-based movement 

CG13032 73B6-73B6 7.3 unknown 

CG5618 77B5-77B5 4.48 carboxylic acid metabolic process, 
proteolysis 

CG31495 87F15-87F15 3.63 unknown 

miple 61B3-61B3 3.47 unknown 

CG7433 76D8-76E1 3.09 
cellular amino acid metabolic process, 
gamma-aminobutyric acid metabolic 
process  

Past1 87C6-87C6 3.07 
endocytosis, germline development, 
imaginal disc-derived wing margin 
development 

GNBP2 75D6-75D6 3.02 carbohydrate metabolic process, defense 
response 

CG32939 85E4-85E4 2.32 unknown 

Rbp1 86C6-86C6 2.3 nuclear mRNA splicing via spliceosome, 
mRNA splice site selection 

CG2004 8A2-8A2 2.27 unknown 

P58IPK 85D27-85D27 2.24 protein folding 

SrpRbeta 66D11-66D11 2.17 neurogenesis, larval chitin based cuticle 
development 

CG18542 85E4-85E4 1.99 unknown 

p24-1 10F1-10F1 1.86 neurogenesis, post-Golgi vesicle-mediated 
transport 

CaBP1 35F12-35F12 1.75 cell redox homeostasis, glycerol ether 
metabolic process 

CG6951 77A3-77A4 1.71 unknown 

Manf 89B13-89B13 1.67 neuron homeostasis, neuron projection 
development 

KDELR 31E1-31E1 1.6 protein retention ER lumen 

MED 7 86C5-86C5 -2.07 transcription from RNA polymerase II 
promoter 

CG5830 72C1-72C2 -2.12 unknown 
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TFIIFbeta 86C6-86C6 -2.15 transcription from RNA polymerase II 
promoter 

scaf6 73E5-73E5 -2.23 nuclear mRNA splicing via spliceosome 

CG32158 73A3-73A3 -2.74 unknown 

CG32027 75E2-75E2 -4.91 unknown 

Brf 90A3-90A5 -7.59 Regulation of transcription from RNA 
polymerase III promoter 

CG11999 82F10-82F10 -15.43 unknown 

CG7900 84E11-84E12 -44.92 unknown 
1Fold change compared to w67 is given 
2GO Term for Biological Function 
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that centrosome amplification does not lead to a large-scale perturbation of the 

transcriptome. 

 

5.7 Discussion 

I have shown that the global transcriptomes of Drosophila 3rd instar larval brain and 

imaginal disc cells that either lack centrosomes or have too many centrosomes are not 

dramatically altered. I could identify a small number of transcripts (~10-15) that appear 

to be genuinely mis-expressed in DSas-4 cells lacking centrosomes. Some of these were 

clearly aberrant transcripts that do not encode for any known protein, and these 

sometimes appear to span two adjacent genes. It is unclear what function, if any, these 

transcripts have, but it seems very unlikely that they belong to a common pathway that 

is up-regulated in cells without centrosomes, as none of these genes were found to be 

differentially regulated in DSas-6 cells, which also lack centrosomes. 

 

In SakOE cells that have amplified centrosomes I could identify a slightly larger set of 

differentially regulated transcripts (~30). Unfortunately there is no other fly strain that 

efficiently drives centrosome amplification in brains and imaginal discs that we could 

use to compare the SakOE dataset to. This would be the best way to identify genes that 

are genuinely over- or underexpressed as a consequence of centrosome amplification. 

My data comparing the DSas-4 and DSas-6 mutants lacking centrosomes highlight the 

importance of being able to make such a comparison. Morover, as the misregulated 

transcripts I found in SakOE cells did not cluster into any common pathway or cell 

process, I remain cautious in interpreting this result, and think it perhaps unlikely that 

many of these genes are genuinely misregulated as a direct consequence of centrosome 

amplification. It has been shown that the human homologue of Sak, Plk4, can 
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phosphorylate the transcription factor Hand1 (Martindill et al., 2007), perhaps 

explaining why more genes are differentially expressed in SakOE cells than in cells that 

do not have centrosomes. 

 

It is important to note that my data do not rule out the possibility that centrosome 

defects lead to significant post-transcriptional changes in proteins without affecting the 

transcription of many genes. Nevertheless, my findings strongly suggest that 

centrosome defects do not induce a major stress response in cells, and that flies without 

centrosomes or with amplified centrosomes do not survive only because they have 

extensively up-regulated compensatory pathways. This is an important finding, as in 

mammalian cells centrosome defects have been shown to activate a stress response via 

the p38 and p53 pathways (Mikule et al., 2007; Srsen, 2006; Uetake et al., 2007). It has 

not been tested which effects the activation of these pathways might have on gene 

expression in Drosophila, but genome wide expression studies in mammalian cells have 

shown that p38 stress-activated protein kinase activation leads to changes in expression 

of many genes, some of which are transcription factors (Ferreiro et al., 2010). My GO 

term enrichment analysis does not show enrichment of any known stress response genes 

in response to centrosome defects. 

 

My aim with this study was to look at the global picture of how mitotically active 

tissues are affected by abnormal centrosome numbers in vivo. It was not designed to 

analyse the effects that centrosome defects might have in specific cell types. 

Neuroblasts appear to be particularly sensitive to centrosome defects, as their 

asymmetric divisions can be perturbed which can eventually even lead to 

tumourigenesis in transplantation assays (Basto et al., 2008; Castellanos et al., 2008). It 

would be interesting to purify neuroblasts with abnormal centrosome numbers by FACS 
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sorting (Harzer et al., 2013) to see whether they would show a more severe 

transcriptional response. 

 

My finding that flies without centrosomes can divide their cells and develop without 

any detectable transcriptional alterations that are due to the loss of centrosomes is quite 

striking. How can this result be explained? As I have discussed in the Introduction 

(Section 1.4), there are several other pathways for spindle assembly that can function in 

the absence of centrosomes. Although centrosomes often contribute to the speed and 

accuracy of spindle assembly, in the case of the loss of centrosome-mediated MT 

nucleation, spindle MTs are nucleated in the vicinity of chromosomes, and clustered 

into a bipolar spindle (Basto et al., 2006; Khodjakov et al., 2000; Mahoney et al., 2006; 

Maiato et al., 2004) (Section 1.4.2). The augmin complex further aids in spindle 

assembly by nucleating MTs from within the spindle (Goshima et al., 2008a; Lawo et 

al., 2009; Mahoney et al., 2006; Petry et al., 2013b; Wainman et al., 2009) (Section 

1.4.3).  

 

Nevertheless I was wondering if there might be any other pathway that could explain 

why DSas-4 and DSas-6 tissues lacking centrosomes appear to be so normal, and 

whether there could be something else that compensates in these cells without 

centrosomes. Recently there has been data emerging about an additional pathway of 

spindle assembly mediated by acentrosomal microtubule organising centers (aMTOCs), 

thus, I was contemplating the possibility that aMTOCs could play a role in DSas-4 and 

DSas-6 mutants and partly compensate for the loss of centrosomes. In the next chapter I 

will describe my analysis of the function of aMTOCs in cells without centrosomes.  
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6 The contribution of acentrosomal microtubule 

organising centres (aMTOCs) to spindle formation 

6.1 Introduction 

Several pathways contribute to mitotic spindle assembly in wild type cells, amongst 

which are the centrosomal pathway, the chromosome-mediated pathway and the augmin 

pathway (Section 1.4). Recently data has emerged about an additional pathway, which 

is mediated by acentrosomal microtubule organising centres (aMTOCs). Depending on 

the cell type this pathway can have a major role in spindle formation. For example, in 

mouse oocytes the acentrosomal female meiotic spindle is assembled by over 80 

aMTOCs that form de novo in prophase and functionally replace centrosomes (Schuh 

and Ellenberg, 2007; #uksza et al., 2013). Interestingly, spindle assembly is mediated 

by aMTOCs until the early blastocyst stage when a centrosomal mitotic spindle 

assembly is established (Courtois et al., 2012). In acentrosomal Drosophila S2 cell lines 

it has been shown that PCM proteins like "$tubulin can localise to mitotic spindle poles 

(Debec et al., 1995). More recently, a more detailed study of this acentrosomal cell line 

showed that cells appeared to have aMTOCs on the spindle poles in about 2/3 of all 

cells, and these stained for the centrosomal proteins "-tubulin, Cnn, DSas-4 and D-PLP 

(Moutinho-Pereira et al., 2009). Moreover, these aMTOCs could also be detected in 

acentriolar cells generated by DSas-4 RNAi knockdown. These aMTOCs had the ability 

to nucleate MTs in repolymerisation assays and required Cnn for their formation. The 

centriolar protein Asl has a dual role in centrosome formation, as it recruits Sak kinase 

by direct interaction to the mother centriole (Dzhindzhev et al., 2010a) and is required 

for PCM recruitment to mitotic centrosomes  (Bonaccorsi et al., 1998; Conduit et al., 

2010; Varmark et al., 2007). Interestingly, overexpression of an Asl mutant protein 
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incapable of binding to Sak leads to formation of aMTOCs in Drosophila embryos that 

consisted of DSas-4 and PCM components and were able to organise MTs. It has 

recently been shown that MTs emerging from centrosomes provide pushing forces 

needed for nuclear migration in Drosophila stage 9 oocytes. Interestingly, in DSas-4 

mutants that lack centrosomes, acentrosomal MTOCs marked by GFP-Cnn are formed, 

and can provide the pushing forces needed for nuclear migration (Zhao et al., 2012). 

The role of aMTOCs in Drosophila spindle assembly in somatic cells, however, 

remains unclear.  

 

MT nucleation mediated by aMTOCs is also of great interest in human cells, as a recent 

study by Kleylein-Sohn et al. suggested that the aMTOC MT nucleation pathway is 

over-active in certain cancer cell lines. This is potentially of great interest, as this 

pathway could contribute to multi-polar spindle formation and so to chromosomal 

instability. Many cancer cells have extra centrosomes, and the kinesin HSET is required 

to “cluster” these extra centrosomes to ensure that these cells divide in a bipolar fashion 

(Kwon et al., 2008).These new studies reveal that several cancer cell lines also generate 

high numbers of aMTOCs (even in cells that do not have extra centrosomes), and these 

aMTOCs also require HSET to cluster, so preventing multipolar mitoses (Kleylein-Sohn 

et al., 2013). Thus, it is important to understand the potential role of aMTOCs in both 

normal cell division and in the potentially abnormal division of cancer cells. 

 

These studies show that aMTOCs can potentially contribute to MT nucleation in many 

different cell types, and they appear to be a major driving force for MT nucleation in 

some cases, for example in mouse oocytes and DSas4 mutant Drosophila ovaries. 

Therefore I was intrigued by the possibility that aMTOCs could play an enhanced role 

in DSas-4 and DSas-6 mutant cells, perhaps explaining why these cells appear to be so 
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normal in my microarray analysis. In this Chapter I analyse Drosophila mutants lacking 

centrosomes, and show that aMTOCs are often present in mutant somatic cells lacking 

centrosomes in vivo. I show that the formation of aMTOCs in Drosophila is dependent 

on the core centriole duplication protein Asl, and that asl mutants therefore lack both 

centrosomes and aMTOCs. This finding allowed me to probe the impact of aMTOCs in 

cells without centrosomes and analyse their contribution to spindle assembly in relation 

to the other MT nucleation pathways by simply comparing differences in spindle 

assembly in DSas-4 and asl mutants. 

 

6.2 Drosophila somatic cells without centrosomes have PCM 

proteins on mitotic spindle poles 

Encouraged by the finding that aMTOCs can be observed in DSas-4 RNAi-treated 

tissue culture cells (Moutinho-Pereira et al., 2009) I decided to test whether I could 

observe aMTOCs in vivo in Drosophila DSas-4 mutants. I decided to use Drosophila 

brain cells for my analysis, as they provide a good model system for the analysis of 

mitotic phenotypes (Gatti and Baker, 1989). I stained DSas-4 brains with antibodies 

against the centriolar protein Asl (to confirm the absence of centrioles), !-tubulin (to 

visualise the mitotic spindle), and Cnn, as this is a highly abundant PCM protein and 

was found by Moutinho-Pereira and colleagues to localise to aMTOCs. DSas-4 flies 

completely lack centrioles in the 3rd instar larval stage (Basto et al., 2006), and this was 

confirmed by the complete absence of Asl staining in DSas-4 cells, while WT cells had 

2 Asl dots marking the two centrioles in all cells (Figure 6.1A). As expected, two Cnn 

dots were seen in all mitotic WT cells, colocalising with Asl but spreading out further 

into the PCM surrounding the centrioles. When analysing Cnn staining in DSas-4  
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mutants, no such strong PCM staining could be observed. I could, however, find some 

Cnn staining on one or both mitotic spindle poles, which was often more dispersed and 

weaker in intensity than centrosomal PCM staining (Figure 6.1A). I quantified the 

number of cells with Cnn staining on spindle poles in brain cells stained with Cnn and 

!-tubulin, and found that while 100% of all mitotic WT cells had Cnn staining on 

spindle poles, 56% of all DSas-4 mutant cells had Cnn staining on at least one of the 

two spindle poles (Figure 6.1B).  

 

6.3 Many known PCM proteins localise to acentrosomal 

mitotic spindle poles in Drosophila brain cells 

Moutinho-Pereira and colleagues showed colocalisation of Cnn, "-tubulin, DPLP and 

DSas-4 on acentrosomal spindle poles in S2 cell lines (Moutinho-Pereira et al., 2009). 

Therefore, I checked whether any of these proteins were present on spindle poles in 

DSas-4 mutants (apart from DSas-4 itself, which is absent in the mutant). Additionally, 

I decided to test whether any other known PCM components were present on spindle 

poles and checked colocalisation of Spd-2, Aurora A, Dgp71WD, Msps and DTACC 

with Cnn. By analysing fixed cells stained with antibodies directed against these 

proteins, I could confirm that "-tubulin and DPLP colocalised with Cnn on spindle 

poles, and could detect colocalisation of Aurora A, Dgp71WD, Msps and DTACC 

(Figure 6.2 middle panel). Some of these stainings were very faint compared to PCM 

staining in WT cells that contain centrosomes (Figure 6.2 left panel), possibly because 

these structures are much smaller than centrosomes and require very sensitive 

antibodies for detection.  
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I could not detect any Spd-2 staining (data not shown) and considered the possibility 

that the Spd-2 antibody was not sensitive enough to detect any DSpd-2 staining on 

acentrosomal poles, as the the stainings of other PCM proteins were also quite faint. 

Detection of transgenic GFP-tagged proteins in live tissues can be more sensitive than 

detection of proteins with antibodies in fixed cells, hence, together with Alan Wainman 

from the lab, we analysed Spd-2-GFP in the DSas-4 mutant background. We also 

analysed GFP-Cnn and "-tubulin-GFP as positive controls. We performed crosses to 

obtain stocks expressing one copy of either Spd-2-GFP, GFP-Cnn or "-tubulin-GFP, 

respectively, and one copy of Jupiter-mCherry (to visualise spindles) in the DSas-4 

mutant background. We then performed time-lapse microscopy to observe spindle 

formation in living brain cells. This analysis revealed that cytoplasmic dots of Spd-2-

GFP (Figure 6.3A), GFP-Cnn (Figure 6.3B) and "-tubulin-GFP (Figure 6.3C) could be 

detected associating with MTs in the cytoplasm of mitotic cells, and these dots often 

eventually became clustered on the spindle, particularly around the poles. 

 

Taken together these data show that several PCM proteins including Cnn, "-tubulin, 

Spd-2, Dgp71WD, DPLP, Aurora A, Msps and DTACC can localise to mitotic spindle 

poles in vivo in flies lacking centrosomes. I conclude that these structures are similar to 

the aMTOCs described in S2 cells, and in accordance with Moutinho-Pereira et al., I 

will use the term acentriolar microtubule organising centre (aMTOC) to describe these 

PCM foci in the following. 
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6.4 Asterless mediates formation of acentrosomal MTOCs in 

cells lacking centrosomes 

Next, I wanted to assess whether any of the core centriole duplication proteins were 

required for the formation and function of aMTOCs. A putative pathway of centriole 

and centrosome assembly in Drosophila has been established with data from our lab and 

other labs (discussed in Section 1.2.2). According to this pathway, the 5 centriolar 

proteins Sak, Ana2, DSas-6, DSas-4 and Asl are required for centriole duplication 

(Figure 6.4A), with Asl having a dual role and being required for PCM recruitment to 

the centriole as well. Mutations in core centriole duplication proteins lead to flies 

without centrioles (Basto et al., 2006; Bettencourt-Dias et al., 2005; Peel et al., 2007; 

Rodrigues-Martins et al., 2007b). To test if any of these core centriole duplication 

proteins were required for the formation of aMTOCs I stained sak, ana2, DSas6 and asl 

mutants for the presence of aMTOCs on their acentrosomal spindle poles with 

antibodies against Cnn and "$tubulin (as these were the proteins I could detect most 

robustly by immunostaining in DSas-4 cells). 

 

For these studies, strong hypomorphic alleles of ana2, DSas-6 and asl were already 

available (Peel et al., 2007; Rodrigues-Martins et al., 2007a; Wang et al., 2011b), but 

there was only a weak hypomorphic allele of sak (Bettencourt-Dias et al., 2005). I found 

that this allele had detectable centrioles in two thirds of its brain cells (Figure 4.4B), so I 

decided I needed to make a stronger sak allele for this experiment. Together with Alan 

Wainman, I succeeded in making a strong hypomorphic allele of sak that completely 

lacked centrioles in all of its cells; the generation of this mutant and its full analysis is 

described in Chapter 4. 

 







 

     143 

I found that sak, ana2, DSas-6 and DSas-4 mutant cells without centrioles could all 

form robust aMTOCs on spindle poles, indicating that the respective proteins were not 

required for aMTOC formation. This observation also confirmed that aMTOCs are 

present due to the lack of centrioles in general, rather than being specific for DSas-4 

mutants. The only mutant in which I could not detect any Cnn and "$tubulin staining on 

spindle poles was asl (Figure 6.4B). I went on to quantify the number of mitotic cells 

with Cnn staining on spindle poles and found that in sak, ana2, DSas-6 and DSas-4 

mutants at least 50% of all mitotic cells had aMTOCs detectable on at least one of the 

spindle poles, but in asl no aMTOCs were detectable (Figure 6.4C). I also found that the 

other PCM proteins that I had found to localise on DSas-4 spindle poles were absent 

from asl spindle poles (Figure 6.2 right panel). Thus, Asl is required to mediate the 

formation of aMTOCs on acentrosomal spindle poles. 

 

Interestingly, I could not detect the presence of Asl itself on spindle poles in 

immunostainings of DSas-4 mutants (Figure 4.1A). We considered that the Asl antibody 

might not be sensitive enough (as appears to be the case for Spd-2), and together with 

Alan Wainman examined living brain cells of flies expressing Asl-GFP and Jupiter-

mCherry in the DSas-4 mutant background. We could not, however, detect any 

localisation of Asl-GFP at aMTOCs in living cells (data not shown). I also fixed Asl-

GFP-expressing DSas-4 cells and stained them with an anti Cnn antibody, and GFP 

booster, which is an excellent antibody widely used in the laboratory to detect proteins 

present at very low abundance (Raff lab, various personal communications). I could 

detect Cnn staining, but no Asl-GFP on spindle poles (Figure 6.4D). Thus, while Asl 

appears to be required for the formation of aMTOCs in cells without centrosomes, we 

cannot detect co-localisation of Asl to the aMTOCs. This explains why my earlier 
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analysis of centrosome number in various mutant cells was not confounded by the 

presence of these aMTOCs (Figure 5.1A,B).  

 

6.5 Cnn is required for aMTOC function 

Asl is required for efficient PCM recruitment to the centrosome ((Bonaccorsi et al., 

1998; Conduit et al., 2010; Dzhindzhev et al., 2010a; Varmark et al., 2007) and 

overexpression of an Asl construct that cannot bind to Sak can drive formation of 

multiple aMTOCs in Drosophila embryos in the absence of centrioles, although it was 

unclear in this study if Asl could directly bind to PCM components or whether this was 

an indirect process (Dzhindzhev et al., 2010a)). It has recently been shown in our lab, 

that Asl appears to be required for binding Spd-2 to the centrosome, which then in turn 

recruits Cnn to the centriole (Figure 6.4 A) (Conduit et al., manuscript in preparation). 

Some Cnn, however, can also be recruited to centrioles by a Spd-2-independent 

pathway in brain cells (Conduit et al, submitted). Together, Spd-2 and Cnn cooperate to 

ensure robust centrosome maturation, and centrosomes in brain cells lacking Cnn have 

severely reduced "-tubulin levels, whereas cells lacking Spd-2 have slightly reduced "-

tubulin levels (Conduit et al., manuscript in preparation). I was wondering, whether Asl 

might initiate the formation of aMTOCs by forming a platform that can recruit Spd-2 

and Cnn even in the absence of a centriole (as shown in embryos overexpressing a form 

of Asl lacking the N-terminal region (Dzhindzhev et al., 2010a). If this was the case, 

taking away Spd-2 or Cnn in DSas-4 mutants that normally have aMTOCs would 

impair the formation and function of aMTOCs in these cells. I therefore constructed 

Spd-2, DSas-4 and cnn; DSas-4 double mutant strains and measured "-tubulin 

accumulation on mitotic spindle poles as a readout for aMTOC function. I found that 

~55% of all mitotic DSas-4 mutant cells had "-tubulin foci on spindle poles, this was the  
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case for only ~27% of Spd-2, DSas-4 (Figure 6.5A,B). In cnn; DSas-4 cells, almost no 

cells had "-tubulin on the spindle poles (~1%) suggesting that Cnn is essential for 

aMTOC formation (Figure 6.5A,B). The reduction in "-tubulin on spindle poles in Spd-

2, DSas-4 cells appeared to be due to a reduction in Cnn recruitment to aMTOCs as the 

number of cells with Cnn on poles was also reduced by ~50% in the double mutant cells 

compared to DSas-4 mutant cells (Figure 6.5A,C). These data suggest that formation of 

aMTOCs is completely dependent on Cnn in vivo, whereas depletion of Cnn in S2 cells 

only leads to reduced number and size of aMTOCs. Spd-2 appears to have only an 

indirect effect on aMTOC formation in our system by reducing Cnn recruitment to 

aMTOCs.  

 

6.6 Outlining an assay to determine the impact of aMTOCs 

in mitotic cells 

Taken together, my data so far show that aMTOCs are formed in ~50-70% of mitotic 

cells that lack centrioles and centrosomes and that the centriolar protein Asl and the 

PCM component Cnn are essential for aMTOC formation. I realised that I therefore 

potentially had a simple way to investigate the function of aMTOCs: DSas-4 mutant 

cells lack centrioles/centrosomes, but have aMTOCs, while asl mutant cells lack both 

centrioles/centrosomes and aMTOCs. By comparing the behaviour of DSas-4 mutants 

to asl mutants I should be able to infer the contribution of the aMTOCs to any 

biological process. 
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6.7 Live analysis of spindle assembly in DSas-4 and asl 

mutant brain cells  

I first wanted to assess the contribution of aMTOCs to mitotic spindle assembly in cells 

lacking centrosomes. I decided to use time-lapse microscopy to measure the dynamics 

of spindle assembly in DSas-4 and asl mutant brain cells, this experiment was 

performed and analysed in collaboration with Alan Wainman. We established stocks 

expressing Jupiter-mCherry and PACT-GFP (Martinez-Campos et al., 2004) in the 

DSas-4 and asl mutant backgrounds to perform live-imaging of neuroblasts going 

through mitosis. The PACT-GFP signal was used to visualise the nuclear envelope, so 

that we could identify the moment of nuclear envelope break down (NEBD) (Conduit et 

al., 2010) (Figure 6.6A). This was important to measure the exact time between NEBD 

and anaphase onset. Both asl and DSas-4 cells were significantly delayed in spindle 

assembly compared to WT, but there was no significant difference between spindle 

assembly in asl and DSas-4 mutants (Figure 6.6B). Thus, aMTOCs do not measurably 

contribute to the efficiency of spindle assembly in cells lacking centrosomes. 

 

MT nucleation by centrosomes is usually considered to be the dominant pathway of 

spindle assembly in Drosophila somatic cells, but, in the absence of centrosomes, other 

pathways can drive surprisingly efficient spindle assembly (discussed in Section 1.4). I 

therefore decided to probe the role of aMTOCs spindle assembly in the absence of the 

other spindle nucleation pathways. 
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6.8 aMTOCs do not have a major contribution to spindle 

assembly in the absence of the augmin/HAUS complex 

The conserved augmin/HAUS complex generates MTs from the side of existing spindle 

MTs (Goshima et al., 2008a; Kamasaki et al., 2013; Lawo et al., 2009; Petry et al., 

2013b; Wainman et al., 2009) (discussed in section 1.4.3). In the absence of functional 

centrosomes, the augmin complex is essential for cell division, as double mutants for 

centrosomal genes and genes encoding for augmin complex subunits are early pupal 

lethal (Reschen et al., 2012) and exhibit weak and disorganised MT arrays in mitotic 

cells with very few robust spindles (Wainman et al., 2009). Furthermore, it has been 

demonstrated that the augmin/HAUS complex is necessary for bipolar spindle assembly 

and to prevent multipolar mitoses in cancer cells containing aMTOCs (Kleylein-Sohn et 

al., 2013).  

 

In order to test, whether aMTOCs aid in MT array assembly in cells lacking the augmin 

and centrosomal pathway of MT nucleation, I compared double mutants of asl and 

DSas-4 with the augmin complex subunit wac (Meireles et al., 2009). In accordance 

with previous studies, in both asl, wac and DSas-4, wac double mutants only very few 

mitotic cells (identified by anti-Phospho-Histone H3 staining) showed robust spindles, 

and most cells had disorganised, but bipolar, spindles with very low MT density. The 

majority of mitotic cells did not have organised MT arrays at all (Figure 6.7A). Unlike 

in human cancer cells with aMTOCs, the augmin/HAUS complex was not needed to 

ensure spindle bipolarity as no multipolar spindles could be observed. I quantified 

mitotic phenotypes in both double mutants to test if aMTOCs could aid in spindle 

formation in the absence of centrosomes and the augmin/HAUS complex. In DSas-4, 

wac double mutants, ~26% of mitotic cells had a recognisable mitotic spindle, while  
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this fell to 20% in asl, wac double mutant cells (Figure 6.7B). A Student’s t-test 

suggested, however, that there was no significant difference in spindle formation ability 

between the two double mutants (p –value=0.18), although it may be that this is because 

the number of brains scored (n=6-7) is relatively low (Figure 6.7C). I conclude that in 

the absence of centrosomes and the augmin pathway, aMTOCs do not provide a major 

alternative pathway of spindle assembly; more samples will have to be analysed to see if 

the presence of aMTOCs subtly improves the efficiency of spindle assembly under these 

conditions.  

 

6.9 aMTOCs nucleate monopolar MT arrays in the absence 

of centrosomal and chromosomal spindle assembly 

Next, I decided to test the impact of aMTOCs in the absence of the centrosomal and 

chromosomal pathway of MT formation. In the chromosome-mediated spindle assembly 

pathway MTs are nucleated in the vicinity of the chromosomes and their plus ends are 

captured by the kinetochores and continue to grow from there (discussed in Section 

1.4.2). Misato (Mst) is needed for kinetochore driven MT growth, and flies with 

mutations in misato (mst) are larval lethal as cells fail in mitosis due to low MT density 

and monopolar spindles (Mottier-Pavie et al., 2011). Interestingly, it has been shown 

that mitotic cells double mutant for mst and DSas-4 often exhibit monopolar 

acentrosomal MT arrays. Furthermore, when MTs were depolymerised in these cells by 

cold treatment, MT arrays could regrow after release from cold from several foci in the 

cytoplasm; these MTs later coalesced to form a monopolar MT array (Mottier-Pavie et 

al., 2011). The origin of these MT-nucleating foci was unclear. 
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To test whether these foci consisted of the aMTOCs that I observed in cells without 

centrosomes I stained mst; DSas-4 double mutants with antibodies against !-tubulin, 

Cnn and Phospho-Histone H3 (to identify mitotic cells). I found that the monopolar MT 

arrays formed in mst; DSas-4 cells were emanating from Cnn foci in the cytoplasm, and 

therefore, presumably, from aMTOCs (Figure 6.8A). I also stained with anti-Asl 

antibodies to confirm the absence of centrioles (not shown). To test whether aMTOCs 

were essential for the formation of these monopolar arrays I generated an mst; asl 

double mutant strain. When analysing mst; asl brains stained with anti-!-tubulin and 

anti-Cnn, some cells could still be identified that were forming monopolar arrays, 

although these were not emanating from an aMTOC (as judged by the lack of Cnn 

staining at the poles) (Figure 6.8A). I proceeded to quantify MT array formation in 

mitotic mst; DSas-4 and mst; asl cells. I confirmed that in accordance with Mottier-

Pavie et al., ~ 60 % of all mitotic mst; DSas-4 cells contained MT arrays. Furthermore, I 

found that 27% of these MT arrays were coming from a detectable aMTOC, defined by 

the presence of Cnn at the pole (Figure 6.8B). In mst; asl brains, however, only ~ 25 % 

of all mitotic cells contained MT arrays with none of these arrays coming from an 

aMTOC. These data suggest that aMTOCs either help to establish and/or maintain 

~50% of these monopolar spindle arrays. 

 

In order to test whether aMTOCs are required to nucleate monopolar arrays or are just 

stabilising them, I performed a MT-regrowth assay after cold treatment by incubating 

brains on ice for 40 minutes and fixing them at several time points after reintroduction 

to room temperature. First, I tested whether the foci from which Mottier-Pavie and 

colleagues observed MT nucleation in mst; DSas-4 cells after cold treatment indeed 

were aMTOCs by staining brains with anti-Cnn and anti-!-tubulin. I could see that MTs 

grew back from one or several Cnn-marked aMTOCs in the cytoplasm after ~2 min, 
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elongated further after ~5 min and appeared to coalesce into one large acentrosomal 

monopolar array with one Cnn-marked aMTOC at its pole after ~10 min (Figure 6.9A). 

Next, I quantified regrowth of MT arrays in mitotic mst; DSas-4 and mst; asl cells at 

different time points (0 min, 2 min, 5 min, 10 min, 20 min and 30 min) after return to 

room temperature. The number of cells with monopolar MT arrays grew steadily in mst; 

DSas-4 cells, until after 30 min nearly 50% of cells contained MT arrays again. 

Remarkably, in mst; asl cells no significant regrowth of MT arrays could be observed, 

with less than 5% of cells exhibiting MT arrays even after 30 min (Figure 6.9B). This 

result suggests that in the absence of aMTOCs, MT arrays cannot efficiently be rebuilt 

after cold treatment in cells that lack the centrosomal and chromatin pathways of 

spindle assembly. 

 

It is not clear how the MT arrays that lack aMTOCs and are found in ~25 % of mitotic 

mst; asl cells (shown in Figure 6.8B) are nucleated. The cold treatment assay shows, 

however, that even after a 30 min recovery period these MT arrays cannot self assemble 

in the absence of aMTOCs. One possibility is that these MT arrays were originally 

nucleated from already existing MTs (e.g. interphase MTs), and that upon their 

depolymerisation by cold treatment these MTs were no longer available as MT 

nucleation sites. My data show that although aMTOCs play a minor role when other 

spindle assembly pathways are active, they can actively nucleate and focus monopolar 

MT arrays in the absence of these pathways. Furthermore, this result is important as it 

shows that aMTOCs do not just passively localise to the minus ends of coalescing MTs 

but indeed can function as MT organising centres.  
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6.10  aMTOCs can contribute to spindle focusing in the 

absence of centrosomes and the kinesin Ncd/HSET 

Members of the kinesin-14 family, such as Drosophila Ncd or its mammalian 

homologue HSET, have been shown to be essential for acentrosomal spindle assembly 

in Drosophila oocytes (Hatsumi and Endow, 1992; Matthies et al., 2013), mouse 

oocytes (Mountain et al., 1999), Arabidopsis (Ambrose et al., 2005), and centrosome 

free Xenopus meiotic extracts (Walczak et al., 1998). These molecular motors can 

crosslink and focus MT minus-ends into two spindle poles independently of 

centrosomes through their MT-binding sites at their N- and C-termini and their MT-

minus end directed motor activity. Accordingly, acentrosomal Drosophila S2 cells in 

which ncd and DSas-4 have been knocked down have severely unfocused spindle poles 

(Moutinho-Pereira et al., 2009). Interestingly, Ncd is also essential to cluster 

supernumerary centrosomes (Basto et al., 2008; Kwon et al., 2008) and aMTOCs 

(Kleylein-Sohn et al., 2013; Moutinho-Pereira et al., 2009) to mitotic spindle poles. In 

addition to Ncd, the MT-minus end directed motor dynein also contributes to focusing 

aMTOCs at acentriolar poles in S2 cells, although its role was found to be less 

important than Ncd (Moutinho-Pereira et al., 2009). The authors suggested that these 

motors lead to localisation of aMTOCs to spindle poles both by keeping MT minus ends 

clustered, and by minus-end directed transport of aMTOCs to acentriolar poles.  

 

To test whether MT-minus end directed motors are essential for aMTOC localisation to 

spindle poles in Drosophila cells in vivo I generated DSas-4, ncd and DSas-4, dynein 

heavy chain (dhc) double mutants. I saw that, as expected, in both double mutants many  
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cells had more than two aMTOCs, which were often mislocalised from spindle poles 

(Figure 6.10A, mislocalised aMTOCs marked by arrowheads). I quantified localisation 

of aMTOCs and saw that in both double mutants ~22% of cells had normal aMTOCs 

that were localised to the poles (Figure 6.10B). However, ~44% of DSas-4, ncd cells 

and ~51% of DSas-4, dhc cells contained aMTOCs that were mislocalised form the 

spindle poles, whereas in comparison only ~4% of DSas-4 cells contained aMTOCs that 

were mislocalised from the poles (Figure 6.10B). 

 

Intriguingly, I noticed that in DSas-4, ncd cells poles with aMTOCs often appeared to 

be better focused than poles lacking aMTOCs (white arrow in Figure 6.11B), suggesting 

that aMTOCs could play a role in helping the spindle to focus in the absence of Ncd. I 

decided to test this hypothesis by comparing DSas-4, ncd and asl, ncd double mutants. 

Given that Ncd is essential for acentrosomal spindle assembly, it was not surprising that 

both DSas-4, ncd and asl, ncd flies were homozygous lethal in early pupal stages. When 

dissecting brains of both fly strains, however, I noticed that there was a striking 

difference between the two double mutants: while DSas-4, ncd brains looked relatively 

normal and third instar larvae had imaginal discs, asl, ncd brains of the same stage were 

very small and these mutants had discs that were severely reduced in size, indicating a 

strong defect in cell proliferation (Gatti and Goldberg, 1991) (Figure 6.11A). I stained 

brain cells with anti-!-tubulin, anti-Cnn and anti-Phospho-Histone H3 to analyse 

mitotic cells. In both DSas-4, ncd and asl, ncd some cells had mitotic spindles, although 

many spindles were  
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poorly focused and multipolar, and many mitotic cells did not have spindles at all 

(Figure 6.11B). I quantified the mitotic spindle phenotypes in DSas-4, ncd and asl, ncd 

brain cells. Strikingly, while 51% of all mitotic DSas-4, ncd had formed bipolar or 

misformed spindles, only 14% of asl, ncd cells had succeeded in doing so (6.11C). This 

suggests, that aMTOCs provide a mechanism to focus mitotic spindles in the absence of 

Ncd.  

 

It has been shown that although the minus end directed motors Ncd and Dynein have 

slightly overlapping functions, Ncd is primarily required for focusing K-fibres, while 

Dynein transports K-fibres to the centrosomes in Drosophila cells (Goshima, 2005) 

(Figure 6.12A). This lead me to the assumption that Dynein could possibly compensate 

for the loss of Ncd in acentrosomal cells by transporting K-fibres towards aMTOCs and 

thereby focusing spindle poles in DSas-4, ncd cells. According to this hypothesis asl, 

ncd cells would struggle more in bipolar spindle assembly because they have no 

aMTOCs towards which Dynein could transport K-fibres. If this hypothesis was true, 

loss of Dynein in DSas-4, ncd cells should lead to a phenotype similar to the one in asl, 

ncd cells. I generated DSas-4, ncd, dhc triple mutants and saw that, similarly to asl, ncd 

double mutants, these had very small brains and imaginal discs (Figure 6.11A). 

Quantification of spindle phenotypes showed that only ~16% of DSas-4, ncd, dhc cells 

had recognisable mitotic spindles (Figure 6.11C), which had unclustered, broad poles 

(Figure 6.11D). This effect was not due to the loss of Dynein per se, as in DSas-4, dhc 

double mutants 77% of cells had a recognisable spindle (Figure 6.11C). Furthermore, I 

confirmed that the loss of aMTOCs, and not a different possible function of Asl, lead to 

the impairment of spindle focusing in asl, ncd cells by testing DSas-4, ncd, cnn triple 

mutant cells, which also cannot form aMTOCs. These mutants form spindles in only 

~28% of cells (Figure 6.11C). 
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Thus, my data suggest the following model: In the absence of centrosomes, Ncd is 

required to crosslink K-fibres and lead to formation of a bipolar spindle (Figure 6.12B). 

In the absence of centrosomes and Ncd, cells struggle to form recognisable mitotic 

spindles, as spindle poles cannot be focused (Figure 6.12C) (Moutinho-Pereira et al., 

2009). If aMTOCs are present in cells, Dynein motors can transport K fibers towards 

these, and thereby aid in spindle formation (Figure 6.12D). One caveat of this 

mechanism might be that there often are more than two aMTOCs in DSas-4, ncd cells, 

which can presumably lead to multipolar spindle formation (indicated by the white 

arrowhead in Figure 6.11B). Although spindle focusing by Dynein and aMTOCs does 

not fully rescue larval development, as these mutants are still pupal lethal, it does enable 

them to form mitotic spindles in half of their cells and develop brains and imaginal discs 

that are almost the size of WT brains and discs (Figure 6.11A).  

  

6.11  Asterless-dependent aMTOCs are not required for 

nuclear migration in oocytes in the absence of 

centrosomes 

One advantage of Drosophila as a model system is that it enables us to assess the role of 

aMTOCs during the development of the organism and in different cell types. Both 

DSas-4 and asl mutants develop to adulthood and eclose as morphologically normal 

adults, although they are uncoordinated due to the lack of cilia in sensory neurons 

(Basto et al., 2006; Blachon et al., 2008). This suggests that the lack of aMTOCs in the 

asl mutant does not lead to any obvious developmental defects in addition to the defects 

already seen in the DSas-4 mutant.  Nevertheless I wondered whether aMTOCs might 

be required in certain stages of development. Dorso-ventral axis patterning in 
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Drosophila, for example, takes place when the oocyte nucleus migrates from the 

posterior to the anterior margin of the oocyte. It has recently been shown that MTs 

emerging from the centrosome, which is located just behind the nucleus, provide the 

pushing forces that lead to nuclear migration (Zhao et al., 2012). The centrosome is, 

however, not essential for normal oogenesis (Stevens et al., 2007). This has been 

postulated to be because in DSas-4 mutant oocytes, that lack centrosomes, acentrosomal 

MTOCs marked by GFP-Cnn are formed, and can provide the pushing forces needed for 

nuclear migration (Zhao et al., 2012). I wondered whether the aMTOCs formed in 

DSas-4 oocytes resemble the aMTOCs that I have described here in Drosophila brain 

cells. If aMTOCs are required for nuclear migration in DSas-4 oocytes, and if these 

aMTOCs are formed in an Asl-dependent fashion similarly to the aMTOCs in brain 

cells, then a failure of nuclear migration would be expected in asl mutant oocytes. In 

order to test this hypothesis, I fixed and stained matured egg chambers from female asl  

flies. In all stage 8-9 oocytes that I observed, the nucleus had migrated correctly to the 

anterior margin of the oocyte (Figure 6.13). To test this result in a different way, I tested 

cnn; spd-2 oocytes, in which any centrosomal or aMTOC-mediated MT nucleation 

should be abolished (Conduit et al., manuscript in preparation). The nucleus had 

migrated correctly in all cnn; spd-2 oocytes as well (Figure 6.13). I tried to assess 

whether Cnn-marked aMTOCs could still form in asl mutant oocytes, but could not 

visualise aMTOCs by antibody staining with anti-Cnn in WT oocytes (data not shown). 

Presumably they can only be visualised with GFP-Cnn, but I could not assess this yet 

due to time constraints.  

 

My results indicate the GFP-Cnn dots observed by Zhao et al. are unlikely to be solely 

responsible for providing the pushing forces needed for nuclear migration.  
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Alternatively, the GFP-Cnn marked aMTOCs observed in oocytes might be different to 

the aMTOCs described in this chapter, and do not depend on Asl, Spd-2 and Cnn for 

their formation and function. In either case, my data show that Asl-dependent aMTOCs 

are not required for nuclear migration in Drosophila oocytes.   

 

6.12  Discussion 

I show here, that Drosophila cells without centrosomes often form acentrosomal 

MTOCs that cluster at mitotic spindle poles and consist of many known PCM proteins 

including Cnn, Spd-2, "-tubulin, DPLP, Aurora A, DTACC, Dgp71WD and Msps. 

Formation and function of aMTOCs is dependent on the PCM protein Cnn, presumably 

by its ability to act as a scaffold and recruit further PCM proteins as "-tubulin. Spd-2 is 

indirectly required for aMTOC function through its ability to recruit Cnn to aMTOCs. 

Remarkably, the centriolar protein Asl, which normally is required to recruit PCM to 

centrosomes (Bonaccorsi et al., 1998; Conduit et al., 2010; Varmark et al., 2007), is 

essential for aMTOC formation in cells without centrioles. Interestingly, it has been 

shown that overexpression of an Asl form lacking the N-terminus, which cannot bind to 

Sak anymore, leads to formation of multiple aMTOCs in Drosophila embryos 

(Dzhindzhev et al., 2010a). This truncated Asl protein could still bind to DSas-4, and 

furthermore, overexpression of DSas-4 could also lead to aMTOC formation. DSas-4 

was, however, not essential for aMTOC formation in our system, as DSas-4 mutants 

still formed aMTOCs.  

 

My data suggest that even in the absence of centrioles endogenous levels of Asl can 

mediate formation of active PCM that nucleates MTs, presumably by providing a 

platform to which Spd-2 and Cnn can bind and become activated. This result is 
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surprising, because Asl cannot be detected in the aMTOCs. We could neither detect it 

by immunostainings nor live, and not even by boosting Asl-GFP signal with GFP 

booster, which is used in our lab to visualise even very scarce proteins. This suggests 

that cytoplasmic levels of Asl are sufficient to “catalyse” formation of active PCM, 

which subsequently clusters together. It has been shown, that during PCM recruitment 

Spd-2 and Cnn are recruited to the centre of the centrosome first (where Asl is 

localised) by Asl and subsequently released from their binding sites and slowly move 

outwards through the PCM (Conduit et al., 2010; Conduit et al., manuscript in 

preparation). This suggests that these PCM proteins can become “activated” by Asl but 

do not need to be permanently bound to Asl while still forming active PCM. This 

potentially provides an explanation for why we cannot detect Asl localisation in 

aMTOCs. In contrast, in cells containing centrioles, these presumably serve as a 

platform to concentrate Asl function to a certain place inside the cytoplasm and thereby 

suppress formation of aMTOCs in the cytoplasm.    

 

The presence of aMTOCs has been described in Drosophila S2 cell lines (Moutinho-

Pereira et al., 2009), and their formation was shown to be dependent on Cnn.  My 

demonstration that asl mutants cannot form aMTOCs enabled us, for the first time, to 

perform a functional comparison between cells lacking centrosomes but forming 

aMTOCs, and cells that lack both. We assessed the biological significance of aMTOCs 

and analysed their contribution to spindle assembly by comparing DSas-4 mutants (that 

lack centrosomes but can form aMTOCs) with asl mutants (that lack centrosomes and 

lack aMTOCs). In addition, the interplay of aMTOC mediated MT nucleation with other 

MT nucleation pathways like the chromosomal and the augmin pathway could be 

analysed by comparing different asl or DSas-4 double mutants. Our analysis showed, 

that while aMTOCs only play a minor role in the absence of centrosomes, they can 
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partly compensate and nucleate monopolar MT arrays when both centrosomal and 

chromosomal MT nucleation are abolished. In contrast, in the absence of augmin-

mediated MT nucleation, aMTOCs provide no, or only a very modest, advantage for 

spindle formation. 

 

Interestingly, aMTOCs can provide an alternative mechanism for focusing an 

acentrosomal spindle when the minus-end directed motor protein Ncd is missing. The 

compensatory effect of aMTOCs in spindle focusing is dependent on Dynein, as cells 

that have aMTOCs but lack both Ncd and Dynein (DSas-4, ncd, dhc triple mutants), can 

form hardly any spindles, similar to cells that lack both aMTOCs and Ncd (asl, ncd 

double mutants) (Figure 6.11C). Failure in spindle formation in both of these strains 

leads to underdeveloped brains and imaginal discs in larvae (Figure 6.11A). I suggest a 

model in which in cells lacking centrosomes and Ncd the motor protein Dynein, which 

is known to transport K-fibres towards centrosomes (Goshima, 2005), can transport K-

fibres towards aMTOCs and thereby aid in spindle focusing (Figure 6.12D). 

 

Furthermore, I have shown here that Asl-dependent aMTOCs are not required for 

nuclear migration in oocytes, suggesting, that either aMTOCs observed in acentrosomal 

oocytes are formed by a different pathway, or that there is a different compensatory 

pathway that mediates nuclear migration in the absence of aMTOCs. 

 

In my transcriptional analysis I have used DSas-4 and DSas-6 mutants to analyse how 

cells deal with the loss of centrosomes, and have found that they cope surprisingly well 

with no common genes misregulated between the two mutants (as discussed in chapter 5 

of this thesis). I here show that both DSas-4 and DSas-6 mutants have the ability to 

form aMTOCs in many cells. It could be that aMTOCs can partly compensate for the 
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loss of centrosomes in mitotic cells, and therefore potentially help explain why these 

cells were so normal in my transcriptional analysis. In order to test this hypothesis it 

would be interesting to repeat the transcriptional analysis with asl mutants, which lack 

both centrosomes and aMTOCs. On the other hand, our data suggest that it is perhaps 

unlikely that aMTOCs play a major role in driving spindle assembly in the absence of 

centrosomes. 

 

Many tumour cells have supernumerary centrosomes, and centrosome amplification can 

make cells prone to tumourigenesis (Basto et al., 2008). Cells with amplified 

centrosomes rely on Ncd/HSET to cluster centrosomes to two spindle poles and so 

avoid multipolar mitoses (Basto et al., 2008; Kwon et al., 2008). Interestingly, it has 

recently been shown that cancer cell lines rely on HSET for survival even when they 

have normal numbers of centrosomes (Kleylein-Sohn et al., 2013). This is due to 

increased aMTOC formation in cancer cells, which then need to be clustered into a 

bipolar spindle by HSET to avoid multipolar mitoses. Equivalently, in Drosophila Ncd 

contributes to focusing aMTOCs to acentriolar poles in cultured cells (Moutinho-Pereira 

et al., 2009) and in vivo (Figure 6.10A, arrowheads). It will be of great interest in the 

future to analyse if overactivity of aMTOCs can make cells prone to tumourigenesis. 

This could happen, for example, through the formation of merotelic attachments to 

chromosomes that takes place when cells pass through multipolar spindle intermediates 

in mitosis before these spindles become clustered by Ncd/HSET (be it in the presence of 

extra centrosomes, or in the presence of aMTOCs). These merotelic attachments lead to 

chromosomal instability (Ganem et al., 2009; Silkworth et al., 2009) which, at a low 

level, can be a driver of tumourigenesis (Weaver and Cleveland, 2009; Weaver et al., 

2007). Studying aMTOCs in Drosophila cells could provide a useful model to study the 
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effects of aMTOCs in cells, which might give insight into why cancer cells have an 

overactivity of aMTOCs and whether this can be a driving force of tumourigenesis.  
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7 General Discussion 

7.1 Introduction 

During my DPhil I have analysed both the mechanisms that lead to a mitotically active 

centrosome and the consequences of centrosome loss. In this final chapter I will discuss 

my results in a broader context. I will first address the implications my results have on 

the view of how centrosome defects are linked with tumourigenesis in Drosophila. Then 

I will discuss the mechanisms of centrosome formation and the importance of the 

centrosome as a cell organelle in the context of the evolution of the centrosome 

assembly pathway. 

 

7.2 Centrosomes and tumourigenesis in Drosophila 

Centrosome amplification is a common feature of many cancers (Chng and Fonseca, 

2009; Guo et al., 2007; Jung et al., 2007; Kawamura et al., 2003; Kayser et al., 2005; 

Nakajima et al., 2004; Pihan et al., 1998; Pihan et al., 2001) and centrosome defects 

appear in the earliest identifiable steps in human cancer (Lingle et al., 2002; Pihan et al., 

2003) (Section 1.2.1). There is, however, little direct experimental evidence that 

addresses how centrosome defects could cause tumourigenesis (Zyss and Gergely, 

2009). The first potentially causative relationship between centrosome amplification and 

tumourigenesis has been demonstrated in Drosophila, where transplantation of tissue 

with amplified centrosomes into the abdomen of an adult fly can lead to neoplastic 

overgrowth of the respective tissue (Basto et al., 2008). The centrosome amplification in 

this system was driven by the overexpression of a single gene (Sak/Plk4) whose only 

known function is in promoting centriole assembly, thus providing strong evidence that 
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centrosome amplification is indeed sufficient to predispose certain tissues to tumour 

formation. Similarly, transplantation of Drosophila tissues lacking centrosomes (via the 

mutation of DSas-4) also lead to tumour formation in this assay (Castellanos et al., 

2008). 

 

Why does the loss or amplification of centrosomes predispose some fly tissues to form 

tumours? It has been postulated that in Drosophila brains centrosome defects can drive 

tumourigenesis because of the failure in asymmetric NB divisions (Castellanos et al., 

2008; Gonzalez, 2007). Nevertheless, while a failure in asymmetric division can clearly 

lead to an expansion of the NB pool and so to over-proliferation, it is unclear how 

centrosome malfunction promotes malignant transformation of these tissues (Basto et 

al., 2008; Castellanos et al., 2008; Caussinus and Gonzalez, 2005). It has been 

suggested that although flies with abnormal centrosome numbers appear to be capable 

of progressing through most of their development relatively normally, cell physiology 

could actually be significantly perturbed by these defects (Gonzalez, 2008), and there is 

evidence that centrosome defects increase cellular stress (Mikule et al., 2007; Srsen, 

2006; Uetake et al., 2007). Furthermore, cellular stress has been implicated in 

tumourigenesis in other Drosophila tumour models (Rossi and Gonzalez, 2011; Wu et 

al., 2010), raising the possibility that the stress induced by centrosome defects may 

contribute to tumourigenesis in the abdominal transplantation models. 

 

My microarray analysis of flies developing without centrosomes or with amplified 

centrosomes, however, strongly suggest that these perturbations do not result in 

dramatic changes in cell physiology, and I could detect no induction of any stress 

response in these cells (Chapter 5). If tissues with centrosome defects are relatively 

normal, then how do these cells ultimately acquire malignant traits, including the ability 
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to metastasise, chromosomal instability and immortality (Basto et al., 2008; Castellanos 

et al., 2008; Caussinus and Gonzalez, 2005), all of which almost certainly require large-

scale changes in gene expression (Ramaswamy et al., 2002; Scott et al., 2011)? It is 

known that cells that have lost their centrosomes or have extra centrosomes have a small 

increase in chromosome segregation errors (Basto et al., 2008; Basto et al., 2006; 

Ganem et al., 2009; Silkworth et al., 2009). Chromosomal instability has been assumed 

to contribute to tumourigenesis for a long time (Boveri, 2008, Boveri 1914) and 

although mutations that lead to large-scale chromosomal instability do not lead to 

tumour formation in Drosophila (Castellanos et al., 2008), there is evidence that the 

low-level of chromosomal instability induced by centrosome defects could actually be a 

more effective driver of cancer (Weaver and Cleveland, 2009; Weaver et al., 2007). I 

suggest that overproliferation of the brain stem cells due to failures in asymmetric 

divisions might not be the only cause that leads to tumour formation of Drosophila 

brain tissue with centrosome defects. Rather, it is possible that in addition to the stem 

cell overproliferation the low level of chromosome missegregation could facilitate 

mutations that occasionally could lead to the generation of a malignant stem cell, which 

ultimately drives tumour formation. Mutations that arise in individual cells would not 

have been detected by my microarray analysis. It would be interesting to test whether 

the low level of chromosomal instability in cells without centrosomes or with too many 

centrosomes leads to the accumulation of mutations in neuroblasts, and transcriptional 

profiling experiments on single cells could answer this question in the future. 

 

The observation that several cancer cell lines can have aMTOCs even when they have 

normal numbers of centrosomes is highly interesting, as these aMTOCs need to be 

clustered by HSET in the same fashion as supernumerary centrosomes need to be 

clustered (Kleylein-Sohn et al., 2013). Therefore, it is possible that clustering of 
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aMTOCs into two spindle poles could lead to transient merotelic attachments of the 

chromosomes in the same way as too many centrosomes do, thereby promoting low 

level chromosomal instability (Ganem et al., 2009; Silkworth et al., 2009) (Section 

6.12). I propose that studying Drosophila cells dividing with aMTOCs could potentially 

give valuable insights into why cancer cells seem to upregulate the formation of 

aMTOCs and whether these aMTOCs can promote tumourigenesis (Chapter 6). It is for 

example known that DSas-4 and DSas-6 mutant tissues which both have aMTOCs form 

tumours in abdominal transplantation assays. It has, however, not been tested yet 

whether asl null mutants that lack aMTOCs form tumours as well. It will be very 

interesting to assess this in the future and could give insight into why Drosophila cells 

with abnormal centrosome numbers form tumours, and whether aMTOCs have the 

ability to promote tumourigenesis.  

 

7.3 The evolution of the centrosome assembly pathway 

During early studies the centrosome was predominantly seen as the organelle that is at 

the poles of the mitotic spindle, leading to the assumption that the first and foremost 

role of the centriole lies in facilitating mitosis (Boveri, 1914; Boveri, 2008). During the 

last decades, however, several studies have shown that centrosomes are often not 

essential for spindle assembly and cell division (Azimzadeh et al., 2012; Basto et al., 

2006; Debec et al., 1995; Gueth-Hallonet et al., 1993; Khodjakov et al., 2000; Lecland 

et al., 2013). These observations even lead to the contrasting idea that cilia formation 

might be the major function of the centriole and that centrosomes function primarily to 

ensure that the two centriole pairs in a cell are placed on opposite poles of the mitotic 

spindle to ensure that each daughter cell inherits one pair of centrioles (Basto et al., 

2006; Debec et al., 2010; Pickett-Heaps, 1971). 
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To understand these opposing arguments, one first needs to have a closer look at the 

evolution of centrioles and centrosomes. Centrioles presumably were present in the Last 

Eukaryotic Common Ancestor as they are found in all major eukaryotic groups 

(Carvalho-Santos et al., 2011; Cavalier-Smith, 2002). The major role of centrioles in 

early unicellular organisms was initially the formation of flagella, to provide cells with 

essential functions such as polarity, motion and sensation and to drive liquid flow 

enabling them to capture nutrients from the environment more efficiently (Debec et al., 

2010; Marshall, 2009). Only when multi-cellular organisms arose, centrioles evolved to 

form centrosomes that functioned as MT cytoskeleton organisers. Centrioles were then 

lost again from some eukaryotic Phyla that do not form flagella, such as for example 

amoebas, yeast (these have modified centrosomes called spindle pole bodies, but lack a 

proper centriole) and higher plants (Cavalier-Smith, 2002). Importantly, all species 

without exception that form cilia/flagella at some point in their life cycle also have 

centrioles, and centrioles are essential for ciliogenesis (Dawe et al., 2006). Therefore the 

evolution of the centrioles is intimately linked with the evolution of cilia.  

 

Bioinformatic approaches that assessed the conservation of proteins implicated in 

centriole duplication and ciliogenesis in a wide cross-section of eukaryotes have shown 

that the formation of centrioles to serve as basal bodies is ancestral and depends on a 

relatively small conserved core set of proteins (Carvalho-Santos et al., 2010; Hodges et 

al., 2010). The ancestral centriole was modified by addition of further gene products 

later in evolution, nonetheless these add-ons are not essential for centriole duplication 

(Marshall, 2009). Remarkably, the ability of centrioles to form a centrosome has only 

evolved later by adding on another set of genes, the “centrosomal” genes (for example 

PCM recruitment factors such as Spd-2/CEP192 and Asl/CEP152; conservation of 

Cnn/CDK5RAP2 was not assessed in this study), which are only present in Holozoa 
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(Hodges et al., 2010). Intriguingly, the set of proteins that is required for formation of 

mitotically active centrosomes can also get lost again in evolution when the function of 

centrioles to form mitotic centrosomes is lost. The planarian S. mediterranea uses 

multiciliated cells for locomotion, but does not contain centrioles in its proliferating 

cells or its non-ciliated differentiated cells, and remarkably it does not require centrioles 

at any stage of its development (Azimzadeh et al., 2012). These flat worms do not 

assemble centrosomes, but only assemble centrioles de novo during the differentiation 

of ciliated cells. Two protein families that are essential for PCM recruitment and 

therefore centrosome formation, Spd-2/CEP192 and Cnn/CDK5RAP2 were missing in 

the planarian S. mediterranea and the parasitic flat worm S. mansoni, and must 

presumably have been eliminated from the planarian genome together with the 

centrosome itself (Azimzadeh et al., 2012).  

 

Hence, the evolution of centrosomal proteins, such as Asl/CEP152, Spd-2/CEP192 and 

Cnn/CDK5RAP2, conferred the ability to recruit PCM to centrioles. In flies Asl is 

special as it has a dual role: It is required for centriole duplication but it also functions 

in PCM recruitment (Blachon et al., 2008; Cizmecioglu et al., 2010; Conduit et al., 

2010; Hatch et al., 2010; Sir et al., 2011; Varmark et al., 2007). These two separate 

roles appear to be mediated by separate domains of Asl. The N-terminus of Asl binds to 

Sak and this interaction is required for centriole duplication, while the C-terminal part 

of Asl binds DSas-4 and there is at least some evidence that this interaction might be 

required for PCM recruitment (Dzhindzhev et al., 2010a; Gopalakrishnan et al., 2011). 

It is very remarkable that Asl can not only confer PCM recruitment ability to centrioles 

when it localises there, but it can also lead to assembly of functional PCM by itself 

independently of centrioles. This has been shown by the overexpression of an Asl 

mutant construct that cannot bind to Sak anymore (Dzhindzhev et al., 2010a), and I 
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have demonstrated that even endogenous Asl has the ability to mediate formation of 

aMTOCs in the absence of centrioles (Chapter 6). This indicates that centrioles are not 

necessarily essential for PCM assembly, but rather they provide a platform for efficient 

PCM assembly and thereby restrict it to one specific place in the cytoplasm. It would be 

very interesting to see whether the assembly of PCM in aMTOCs in acentrosomal 

mutants is also regulated by phosphorylation of Spd-2 and Cnn, as appears to be the 

case in centrosomes (Chapter 3).  

 

I have presented data that suggest that Sak is only needed to trigger cartwheel formation 

during centriole duplication, but not for PCM recruitment to the centrosome (Chapter 

4). Do these data imply that Sak/PLK4 belongs to the ancestral core set of centriolar 

proteins? Interestingly, comparative genomics show that Sak/PLK4, although essential 

for centriole duplication in human cells and Drosophila (Bettencourt-Dias et al., 2005; 

Habedanck et al., 2005; Kleylein-Sohn et al., 2007), is not part of the conserved core set 

of centriolar components (Carvalho-Santos et al., 2010). Obviously this poses the 

question which protein then triggered centriole duplication in organisms that do not 

have Sak/PLK4. Presumably a Polo/PLK1 like protein triggered centriole biogenesis in 

ancestral eukaryotes, and a gene duplication of this protein then gave rise to Sak/PLK4 

after the divergence of fungi and animal (Carvalho-Santos et al., 2010). Sak/PLK4 then 

evolved to become strictly correlated with centriole biogenesis, while Polo/PLK1 kept 

its other important roles in cell division (Archambault and Glover, 2009).  

 

In the light of the evolution of centrosome formation, should centrosomes now be 

deemed as being essential for mitosis in animal cells or not? Do they have important 

functions for partitioning the chromosomal material into daughter cells, or are they 

dispensable for mitosis and simply localise to the poles of the mitotic spindle to “ensure 
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that each daughter cell inherits one pair of centrioles for ciliogenesis” (Pickett-Heaps, 

1971)? As previously discussed, centrosomes are often not essential for spindle 

assembly and cell division (Azimzadeh et al., 2012; Basto et al., 2006; Debec et al., 

1995; Gueth-Hallonet et al., 1993; Khodjakov et al., 2000; Lecland et al., 2013). 

Furthermore, my transcriptional analysis of cells lacking centrioles could not uncover 

any misregulation of gene expression due to the lack of centrioles, strongly suggesting 

that cell homeostasis is not dramatically perturbed (Chapter 5). This might be the case, 

because ancestral eukaryotic cells used centrioles solely for ciliogenesis and were using 

other pathways for mitotic spindle formation, and intriguingly these alternative 

pathways of spindle formation (Section 1.4) have been preserved during evolution even 

after centrioles evolved to take part in mitosis. 

 

There is a lot of evidence, however, that once centrosomes started to participate in 

spindle assembly, many systems and cell types became dependent on having 

centrosomes for efficient mitosis. Centrosomes are very important to confer cell polarity 

(Bornens, 2012) and it is likely that planarians and parasitic flatworms only could afford 

to lose centrosomes because they undergo ways of embryonic cleavage that do not 

involve oriented cell divisions (Azimzadeh et al., 2012). In contrast, species closely 

related to flatworms, such as the basal flatworm Macrostomum, still have centrosomes 

and use a mode of embryonic development called spiral cleavage that relies on a pattern 

of oriented cell divisions (Azimzadeh et al., 2012). Centrosomes are important to 

coordinate some asymmetric stem cell divisions in Drosophila (Gonzalez, 2008). Even 

in acentrosomal Drosophila mutants that can go through most of their development 

without centrosomes, the presence of centrosomes does make mitosis more efficient and 

quicker (Basto et al., 2006), and centrioles are strictly needed for early embryonic 

development (Megraw et al., 1999; Stevens et al., 2007; Vaizel-Ohayon and Schejter, 
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1999). Thus, I conclude that centrosomes are often not strictly needed, but that it 

depends on the organism, cell type and stage whether cells have developed a 

dependence on centrosomes for cell division, or not. In this scenario, there are now 

clearly many cells, tissues and species that do depend on centrosomes for efficient cell 

division; understanding how these beautifully complex organelles are assembled and 

regulated remains an important challenge for the future.  
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Supplementary Table 1. Phosphorylation sites in centrosomal Asl and Spd-2. Phosphorylated 
residues are marked in red.  

protein peptide  sequence modification exp mr1 pep calc 
mr2 

pep 
score3 

pep 
expect4 

Asl  TRETADNLRLELER 
 

Phospho (ST) 
 

1794.8614 
 

1794.8625 
 

18.18 
 

2.2 

Asl  LVGSTPLNPLDR 
 

Phospho (ST) 
 

1360.6726 
 

1360.6752 
 

25 
 

0.073 

Spd2 GTNISFEPAEITGR 
 

Phospho (ST) 
 

1570.7027 
 

1570.7028 
 

53.03 
 

0.0018 

Spd2 TNQPLLEPESNVTLD
SVGEK 

 

Phospho (ST) 
 

2249.0448 2249.0464 65.26 
 

6.10E-05 

Spd2 RPPSSSEILSLSAIDK 
 

Phospho (ST) 
 

1778.8803 1778.8815 38.85 
 

0.015 

Spd2 KPLSPLADHPQITISR 
 

Phospho (ST) 
 

1851.9624 
 

1851.9608 
 

34.55 
 

0.034 

Spd2 RVSIATMGLIPR Oxidation 
(M); Phospho 

(ST) 

1252.6244 1252.625 29.93 0.074 

Spd2 GLGTSSVAVPR 
 

Phospho (ST) 
 

1122.5449 1122.5434 64.8 
 

1.80E-05 

Spd2 NLSPLSSPR Phospho (ST) 
 

1049.4886 1049.4906 42.33 0.0029 

Spd2 NLSPLSSPR 2 Phospho 
(ST) 

 

1129.4593 1129.457 7 0.77 

Spd2 VFGDLSSFSK Phospho (ST) 
 

1165.5078 1165.5057 17.63 0.94 

Spd2 ANSSPAGSEASSTSG
FTASGR 

 

Phospho (ST) 
 

2007.8158 
 

2007.8171 
 

60 9.5E-0.6 

Spd2 DFGISPNLAK 
 

Phospho (ST) 
 

1140.5206 
 

1140.5216 
 

32 0.016 
 

1experimental relative molecular mass of the matched peptide 
2calculated relative molecular mass of the matched peptide 
3Ion Score is !10log(P), with P being the probability that the observed match is a random event. 
Individual ions scores > 29 indicate identity or extensive homology (p<0.05). 
4Expectation Value, indicates probability that the observed match between MS/MS spectra and peptide 
sequence would be found by chance. The lower the expectation value, the more significant the score. 
 

 
 

 

 

 

 

 

 



Supplementary Table 2. Phosphorylation sites in cytoplasmic Asl and Spd-2. Phosphorylated 
residues are marked in red. 

protein peptide sequence modification exp mr1 calc mr2 pep score3 pep 
expect4 

Asl TRETADNLR 
 

Phospho (ST) 
 

1154.5086 
 

1154.5081 
 

40.95 
 

0.029 

Asl SNSVSPSDPSPK 
 

Phospho (ST) 1280.5273 1280.5286 26 0.018 

Spd2 NLSPLSSPR Phospho (ST) 
 

1049.4919 
 

1049.4906 
 

33.91 
 

0.058 

Spd2 LLRSPR 
 

Phospho (ST) 
 

820.4323 
 

820.432 
 

19 
 

0.46 

Spd2 SENIWNIVSNSSPNR 
 

Phospho (ST) 
 

1795.7852 
 

1795.789 
 

41 
 

0.00076 

1experimental relative molecular mass of the matched peptide 
2calculated relative molecular mass of the matched peptide 
3Ion Score is !10log(P), with P being the probability that the observed match is a random event. 
Individual ions scores > 29 indicate identity or extensive homology (p<0.05). 
4Expectation Value, indicates probability that the observed match between MS/MS spectra and peptide 
sequence would be found by chance. The lower the expectation value, the more significant the score. 



Supplementary Table 3. Genes significantly up- or down-regulated in DSas-4 in comparison to 
w67 (!1.5-fold, adj.P-value " 0.05). 

Affymetrix ID Gene Fold Change P.Value adj.P-Value 

1636055_at Hsc70-2 141.10 1.35E-08 0.000 

1637465_at CG31157 23.52 2.04E-08 0.000 

1640426_at CG31287 16.92 6.21E-06 0.015 

1631082_at B52 10.68 2.34E-05 0.022 

1635802_s_at CG9279 8.81 7.01E-06 0.015 

1632063_s_at CG11357 8.71 2.38E-05 0.022 

1627214_s_at CG7650 7.03 2.67E-05 0.022 

1640075_a_at path 6.99 3.11E-05 0.024 

1626667_at miple 4.56 1.06E-05 0.019 

1641242_at Ugt86Di 3.45 2.16E-05 0.022 

1637046_at l(2)03659 2.75 1.14E-05 0.019 

1623522_at CG11668 2.40 9.68E-05 0.041 

1640112_at Cys 2.27 2.39E-05 0.022 

1635701_at GstD3 2.25 1.33E-05 0.021 

1638486_at Rbp1 2.12 8.40E-05 0.038 

1636131_at lig3 2.08 1.79E-05 0.022 

1637121_at Rbp4 1.88 3.43E-06 0.012 

1636551_at CG14683 1.71 5.94E-05 0.035 

1634970_at CG3634 1.61 3.56E-05 0.026 

1634113_at geko -1.69 2.04E-05 0.022 

1636600_a_at Mf -1.74 3.67E-05 0.026 

1633349_at TFIIF# -2.07 4.64E-06 0.012 

1630318_at MED7 -2.13 8.87E-07 0.004 

1633727_s_at wnd -2.34 4.46E-05 0.030 

1633520_at CG32027 -2.88 2.59E-05 0.022 

1638398_at ShaI -3.31 8.15E-05 0.038 

1627558_at DSas-4 -6.83 3.60E-05 0.026 



Supplementary Table 4. Genes significantly up- or down-regulated in DSas-4 in comparison to 
OrR  (!1.5-fold, adj.P-value " 0.05). 

Affymetrix ID Gene Fold Change P.Value adj.P-Value 

1636055_at Hsc70-2 96.76 2.71E-05 0.032 

1637465_at CG31157 22.50 1.41E-07 0.003 

1640426_at CG31287 11.92 4.31E-05 0.039 

1635802_s_at CG9279 7.85 1.14E-06 0.008 

1626878_at CG42348 4.45 5.74E-05 0.041 

1641242_at Ugt86Di 3.69 1.20E-06 0.008 

1625195_s_at shn 3.66 2.28E-05 0.029 

1632873_at MtnA 3.36 1.61E-05 0.027 

1626667_at miple 3.31 2.90E-05 0.032 

1636131_at lig3 2.08 3.18E-06 0.012 

1635701_at GstD3 1.98 2.03E-05 0.029 

1637121_at Rbp4 1.85 3.32E-05 0.033 

1639023_at Nsf2 1.76 5.65E-05 0.041 

1639552_s_at CG6951 1.61 1.11E-05 0.023 

1634970_at CG3634 1.51 5.76E-05 0.041 

1627532_at Rpb4 -1.54 6.75E-05 0.044 

1630318_at MED 7 -2.12 1.03E-05 0.023 

1633349_at TFIIF# -2.14 2.14E-05 0.029 

1633727_s_at wnd -2.18 2.94E-06 0.012 

1639564_a_at CG7768 -2.77 5.91E-05 0.041 

1633627_at CG13023 -3.81 8.43E-05 0.048 

1627558_at DSas-4 -7.31 1.95E-05 0.029 

 

 

 

 

 



Supplementary Table 5. Genes significantly up- or down-regulated in SakOE in comparison to 
w67 (!1.5-fold, adj.P-value " 0.05). 

Affymetrix ID Gene Fold Change P-Value adj.P-Value 

1624393_at w 74.81 2.74E-06 0.005 

1626021_at CG32055 43.82 0.0001087 0.030 

1633201_at CG8245 15.21 0.0002610 0.048 

1631082_at B52 14.38 3.22E-05 0.016 

1640075_a_at path 11.98 3.15E-05 0.016 

1637008_at CG14687 8.00 4.87E-05 0.021 

1635802_s_at CG9279 7.57 4.44E-08 0.001 

1630684_at CG13032 7.30 8.65E-06 0.007 

1627352_at Oat 5.35 1.00E-06 0.005 

1623238_at CG5618 4.48 0.000273 0.049 

1624075_at CG31495 3.63 4.88E-06 0.005 

1626667_at miple 3.47 0.000105 0.029 

1626489_s_at CG7433 3.09 3.84E-06 0.005 

1638011_a_at Past1 3.07 3.10E-06 0.005 

1631633_a_at GNBP2 3.02 0.000121 0.031 

1640979_at CG1681 2.64 7.44E-05 0.023 

1625860_s_at CG32939 2.32 6.89E-06 0.006 

1638486_at Rbp1 2.30 1.06E-05 0.007 

1635725_a_at Unc-115b 2.30 4.22E-06 0.005 

1637125_at CG2004 2.27 3.91E-05 0.018 

1641563_at P58IPK 2.24 5.83E-05 0.022 

1630713_at SrpR# 2.17 0.000121 0.031 

1636865_at Os-C 2.17 0.000106 0.029 

1629142_at DopR 2.10 0.000225 0.044 

1636456_at CG13053 2.10 0.000250 0.047 

1640746_at CG18542 1.99 0.000231 0.044 

1624054_at Adgf-A 1.99 1.38E-05 0.009 



1633304_at p24-1 1.86 3.28E-05 0.016 

1636528_at Gp93 1.79 3.81E-05 0.018 

1626196_at CaBP1 1.75 6.95E-05 0.022 

1639552_s_at CG6951 1.71 6.83E-05 0.022 

1639410_at Manf 1.67 1.58E-05 0.010 

1641295_s_at KDELR 1.60 7.65E-06 0.006 

1634945_at CG7830 1.57 2.78E-05 0.015 

1641489_at CG33169 1.56 0.000139 0.032 

1635423_s_at Hsc70-3 1.54 0.000150 0.034 

1633390_at tay 1.53 7.38E-05 0.023 

1631245_s_at CG9706 1.52 0.000229 0.044 

1635051_a_at Herp 1.51 4.11E-06 0.005 

1625388_at CG4893 -1.58 9.89E-05 0.029 

1627510_at CG12842 -1.59 8.18E-05 0.024 

1633566_at CG7694 -1.83 0.000114 0.030 

1627073_a_at CG10126 -1.98 2.76E-05 0.015 

1636600_a_at Mf -2.05 4.46E-06 0.005 

1630318_at MED7 -2.07 3.18E-06 0.005 

1625794_at CG5830 -2.12 2.71E-05 0.015 

1633637_at CG17026 -2.14 0.000202 0.042 

1633349_at TFIIF! -2.15 5.61E-06 0.005 

1629438_at scaf6 -2.23 6.81E-05 0.022 

1641693_s_at CG32158 -2.74 2.99E-05 0.016 

1633520_at CG32027 -4.91 5.56E-05 0.022 

1626187_at Brf -7.59 5.60E-06 0.005 

1623356_at CG11999 -15.43 1.26E-06 0.005 

1641552_at Cyp4g1 -23.18 7.18E-05 0.023 

1623486_at CG7900 -44.92 1.84E-06 0.005 



Supplementary Table 6.  Genes significantly up- or down-regulated in SakOE in comparison to 
OrR (!1.5-fold, adj.P-value " 0.05). 

Affymetrix ID Gene Fold Change P.Value adj.P-Value 

1626021_at CG32055 40.61 0.0001230 0.029 

1624393_at w 13.93 1.05E-07 0.001 

1631082_at B52 10.23 0.0001995 0.038 

1637008_at CG14687 9.48 3.42E-05 0.017 

1630684_at CG13032 7.34 1.34E-05 0.012 

1635802_s_at CG9279 6.12 1.33E-05 0.012 

1623238_at CG5618 4.38 9.72E-06 0.012 

1626489_s_at CG7433 3.47 7.98E-05 0.024 

1624075_at CG31495 2.92 0.000204 0.039 

1625195_s_at shn 2.83 4.69E-05 0.018 

1638011_a_at Past1 2.77 5.75E-05 0.021 

1631633_a_at GNBP2 2.74 0.0001786 0.037 

1636894_s_at CG31188 2.62 7.14E-06 0.012 

1638486_at Rbp1 2.61 9.39E-05 0.026 

1632873_at MtnA 2.52 7.74E-05 0.024 

1626667_at miple 2.44 4.07E-05 0.018 

1639320_a_at Ddc 2.33 0.0002934 0.047 

1625860_s_at CG32939 2.17 2.14E-05 0.016 

1637309_a_at Cyp12e1 2.16 0.0001950 0.038 

1630713_at SrpR# 2.11 0.0002458 0.043 

1635583_s_at fz2 1.97 0.0001522 0.034 

1637125_at CG2004 1.95 0.0001081 0.028 

1641563_at P58IPK 1.91 0.0001225 0.029 

1626831_at CG6579 1.91 0.0002917 0.047 

1636762_a_at scf 1.88 0.0001888 0.038 

1634922_s_at CG32795 1.86 4.28E-06 0.010 

1640746_at CG18542 1.81 5.14E-05 0.019 



1633304_at p24-1 1.80 2.85E-05 0.016 

1640215_at CG4338 1.79 1.90E-05 0.016 

1634471_at CG33214 1.76 0.0001383 0.032 

1639552_s_at CG6951 1.68 0.0001220 0.029 

1626196_at CaBP1 1.65 4.19E-05 0.018 

1624450_at Orct 1.63 9.27E-05 0.026 

1633810_at l(3)76BDm 1.60 0.0003121 0.049 

1639410_at Manf 1.54 5.95E-05 0.021 

1637571_at CG11577 1.53 1.24E-05 0.012 

1626358_at Fer1 1.53 0.0001947 0.038 

1641295_s_at KDELR 1.51 0.0002070 0.039 

1626749_a_at CG18135 1.51 0.0003204 0.050 

1625250_at CG5802 1.51 0.0002705 0.046 

1631100_at Lkr 1.50 4.54E-05 0.018 

1636864_at corto -1.58 0.0003104 0.049 

1623518_s_at CG31305 -1.77 4.36E-05 0.018 

1633254_at CG7787 -1.77 0.0003305 0.050 

1625794_at CG5830 -1.98 6.31E-06 0.012 

1624473_at DNApol-!60kD -1.98 2.66E-05 0.016 

1630318_at MED7 -2.10 3.04E-05 0.016 

1633349_at TFIIF" -2.18 1.20E-05 0.012 

1629953_at giant -2.19 0.0002347 0.042 

1629438_at scaf6 -2.24 8.53E-06 0.012 

1636615_at elav -2.27 3.09E-05 0.016 

1632170_a_at CapH2 -2.31 0.0001044 0.027 

1641693_s_at CG32158 -3.05 5.88E-05 0.021 

1633520_at CG32027 -4.95 8.71E-05 0.025 

1626187_at Brf -10.05 2.33E-05 0.016 

1623356_at CG11999 -18.00 2.47E-06 0.009 

1623486_at CG7900 -41.85 1.06E-07 0.001 



Supplementary Table 7A. GO analysis 
Enriched biological processes in SakOE up regulated genes 

Biological Process Count %a p-Valueb Genes 

GO:0034976~response to endoplasmic 

reticulum stress 

2 40 0.015 Herp, SrpRbeta 

GO:0006984~ER-nuclear signaling pathway 2 25 0.023 Herp, SrpRbeta 

a % of known annotated Affymetrix tags for GO term biological process BP_FAT  
bSome biological processes have significant p-values, but clusters with small numbers of genes are likely to not 
have any biological meaning.  
 

 

Supplementary Table 7B. GO analysis 
Enriched biological processes in SakOE down regulated genes 
GO-Term Count %a p-Valueb Genes 

GO:0006461~protein complex assembly 4 2.47 2.65E-04 
CG31256, Med7, Mf, 

TFIIFbeta 

GO:0070271~protein complex biogenesis 4 2.47 2.65E-04 
CG31256, Med7, Mf, 

TFIIFbeta 

GO:0065003~macromolecular complex 

assembly 
4 1.71 7.84E-04 

CG31256, Med7, Mf, 

TFIIFbeta 

GO:0043933~macromolecular complex 

subunit organization 
4 1.49 0.0012 

CG31256, Med7, Mf, 

TFIIFbeta 

GO:0006352~transcription initiation 3 4.17 0.0017 
CG31256, Med7, 

TFIIFbeta 

GO:0006351~transcription, DNA-

dependent 
3 2.27 0.0055 

CG31256, Med7, 

TFIIFbeta 

GO:0032774~RNA biosynthetic process 3 2.22 0.0058 
CG31256, Med7, 

TFIIFbeta 

GO:0006367~transcription initiation from 

RNA polymerase II promoter 
2 3.13 0.0561 

 

Med7, TFIIbeta 

GO:0006350~transcription 3 0.66 0.0585 

CG31256, Med7, 

TFIIFbeta 

 



GO:0006366~transcription from RNA 

polymerase II promoter 
2 2.04 0.0849 Med7, TFIIbeta 

a % of known annotated Affymetrix tags for GO term biological process BP_FAT  
b Some biological processes have significant p-values, but clusters with small numbers of genes are likely to not 
have any biological meaning. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


