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Abstract 
  

Abstract 

The principal microtubule-organising centre in animal cells, the centrosome, 

contains centrin, a small, highly-conserved calcium-binding protein that can be found 

throughout eukaryotes. Several centrin isoforms exist and have been implicated in 

various cellular processes including nuclear export and DNA repair. Although 

centrins play a major role in ensuring the assembly and appropriate functioning of 

the ciliary/flagellar basal bodies in protists and lower eukaryotes, their involvement 

in vertebrate centrosome duplication or centrosomal functions are less clear. Here we 

use the hyper-recombinogenic chicken DT40 cell line to dissect the roles of the 

various centrin isoforms. We found that all three centrin isoforms present in chicken, 

encoded by Cetn4, Cetn2 and Cetn3, are expressed in DT40 cells. We have 

successfully targeted all three Cetn loci, generating single, double and triple mutants 

of the centrin genes. RT-PCR, immunoblot and immunofluorescence microscopy 

have confirmed the absence of the centrins.  

Unexpectedly, centrin-deficient cells undergo normal cellular division with no 

significant differences in cell cycle progression. Light and electron microscopy 

analyses revealed no detectable defects in centrosome composition or ultrastructure 

in these cells. Additionally, microtubule re-nucleation analysis showed that the 

centrosomes retain function and cells are able to proceed through mitosis without any 

delay. Although centrin-deficient DT40 cells had normal survival rates following 

ionizing radiation (IR), they were highly sensitive to ultraviolet (UV) irradiation, 

with Cetn3 deficiency exacerbating the sensitivity of Cetn4/Cetn2 double mutants. 

DNA damage checkpoints were intact, but repair of UV-induced DNA damage was 

delayed in centrin nulls.   

To further investigate centrins’ activity in nucleotide excision repair, we 

performed mutagenic analysis of centrin2. Surprisingly, we found that neither key 

Mps1, CK2 and Aurora A phosphorylation sites nor the calcium binding ability of 

centrin2 are required for survival following UV treatment.  However, we show that 

the mutation of all four EF hands impacts centrin2 localisation to the centrosome and 

dramatically decreases the formation of defined, linear centrosomal structures 

induced upon cPOC5 overexpression.  
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Finally, we show that centrin’s activity in NER is mainly downstream of XPC 

recruitment to UV-induced DNA lesions. Overall, our results demonstrate that 

centrins are dispensable for centrosome biogenesis/duplication in DT40 cells but 

have a major role in the repair of UV induced DNA lesions through nucleotide 

excision repair. 
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Chapter 1  Introduction 

1.1  The centrosome as the main microtubule organizing center 

Referred to as the main microtubule organising centres (MTOC), the 

centrosomes have a large repertoire of functions in animal cells. These include the 

maintenence of an astral microtubule network during interphase, the nucleation of 

cilia or flagella at the plasma membrane and the assembly of a bipolar spindle in 

mitosis. Interestingly, the centrosome has also been implicated in cell cycle control, 

acting as a platform for intracellular signalling (Doxsey, 2001b; Nigg and Stearns, 

2011).  

The ultrastructure of the centrosome is striking and distinct from any other 

organelle in the cell. The centrosomes are composed of two cylindrical shaped 

structures known as centrioles, surrounded by a complex proteinaceous matrix, the 

pericentriolar material (PCM) (Azimzadeh and Marshall, 2010; Doxsey, 2001a).  

A schematic representation of a G1 centrosome is shown in Figure 1.1.  

 
Figure 1.1  Composition and structure of the centrosome during G1 phase in vertebrate cells.  
The nine microtubule triplets that compose the two centrioles are represented as red filaments while 
the flexible linker that connects them is in green. The surrounding PCM is in yellow and the two sets 
of appendages: distal and sub-distal are represented as orange lines and red cones, respectively. Image 
taken from (Sillibourne and Bornens, 2010). 
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The centrosome is small, approximately 1µm3, with fully mature centrioles 

measuring only 500nm in length and 200nm in diameter. Each centriole consists of 

nine arrays of microtubule triplets organized in a nine-fold symmetrical arrangement. 

The microtubules of each triplet are normally referred to as the A-, B- and C-tubules 

(Azimzadeh and Marshall, 2010; Doxsey, 2001a). The older and more mature 

centriole is typically identified as the mother centriole, while the younger is referred 

to as the daughter centriole (at least until the start of the new round of procentriole 

assembly, from which they may then be named grandmother and mother centrioles, 

respectively). They are normally easy to distinguish because the mature mother 

centriole carries two sets of appendages at its distal end, whereas the daughter 

centriole does not. These specialised distal and subdistal appendages are necessary 

for ciliogenesis and microtubule anchoring, respectively (Azimzadeh and Marshall, 

2010; Azimzadeh and Bornens, 2007).  

In each centrosome, a proteinaceous fibre linker connects the two centrioles 

by their proximal ends allowing them to be flexible but to stay in close proximity. 

The PCM that surrounds the centrioles, consists principally of large, coiled-coil 

scaffold proteins such as pericentrin, PCM1 and AKAP450, which act as anchors for 

the binding of centrosomal proteins and platforms for microtubule nucleation 

(Bettencourt-Dias and Glover, 2007; Doxsey, 2001a; Luders and Stearns, 2007).  

Due to high similarities between centrioles and basal bodies from lower 

eukaryotes, the centrosome is thought to have evolved from a basal body/axoneme 

structure present in the unicellular ancestor shared by eukaryotes (Bornens and 

Azimzadeh, 2007). Conversely, as a result of divergent evolution, some eukaryotes 

have developed morphologically distinct structures, such as the spindle pole body 

(SPB) in yeast, that nonetheless are still functionally analogous to the centrosome of 

higher eukaryotes during mitosis (Bornens and Azimzadeh, 2007; Doxsey et al., 

2005a). Interestingly, despite the differences, a group of core centrosomal proteins 

was identified and found to be highly conserved in most centrosomal structures 

(Carvalho-Santos et al., 2010; Hodges et al., 2010). Centrins are an example of such 

evolutionarily conserved proteins and, as we will latter discuss, appear to be involved 

in centrosomal functions and several other cellular activities. 
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1.2  Centrosome functions  

1.2.1  Microtubule nucleation and organisation 

During interphase, the centrosomes organise microtubule arrays which have 

been shown to be important for intracellular trafficking, cell polarity, cell shape and 

consequently cellular adhesion and mobility (Bornens, 2008; Luders and Stearns, 

2007). The organisation of microtubule arrays is dependent on the PCM, which 

serves as a platform for microtubule nucleation, anchoring and severing activities 

which fluctuate during cell cycle transitions (Bettencourt-Dias and Glover, 2007). 

Microtubules are assembled by the polymerisation of α- and β-tubulin heterodimers 

into polarised tubular filaments. The association of microtubules with GTP 

molecules regulates their extension. Microtubule polymerisation and growth takes 

place at the plus end when α- and β-tubulin dimers bind GTP, while microtubule 

depolymerisation occurs if GTP is hydrolysed (Etienne-Manneville, 2010). 

Centrosomal microtubules are nucleated from a circular γ-tubulin-containing 

complex named the γ-tubulin ring complex (γ-TuRC). The γ-TuRCs cap the minus 

ends of microtubules, increasing their stability by impeding depolymerisation. Arrays 

of microtubules can be anchored to subdistal appendages, a process shown to depend 

on the γTuRC interaction with ninein and many other proteins (Bornens, 2002; 

Luders and Stearns, 2007). Motor proteins such as dynein and kinesin bind to the 

microtubules and create the dynamic microtubule network required for all 

microtubule-related functions (Badano et al., 2005). 

 

1.2.2  Mitotic spindle organisation and cytokinesis 

When vertebrate somatic cells initiate mitosis, the centrosomes nucleate and 

organise a bipolar mitotic spindle that promotes equal and accurate chromosome 

segregation. Surprisingly, land plants, the female germline of several species and 

some organisms, such as planarians, are able to organise bipolar mitotic spindles and 

undergo apparently normal cell divisions in the absence of centrioles or sometimes 

even without any centrosome-analogous structures, (Azimzadeh et al., 2012; Bornens 

and Azimzadeh, 2007; Debec et al., 2010). Additionally, Drosophila melanogaster 

cell lines that lose their centrosomes are still capable of undertaking several rounds 

of cell division and more surprisingly, adult flies can even develop in the absence of 
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 centrioles (Basto et al., 2006; Debec et al., 1995). Experiments in mammalian cells 

have also shown that the laser ablation or microdissection of centrioles and 

consequent centrosomal loss is compatible with the assembly of a functional bipolar 

spindle. Nevertheless, when present, the centrosomes act dominantly in the assembly 

of the mitotic spindle by nucleating asters which correct positioning before 

chromosome segregation. In fact, in cells that lose their centrosomes, spindles are 

mispositioned more frequently and the placement of the cleavage furrow becomes 

defective due to the movement of the spindle apparatus. This usually results in a 

significant increase in chromosome missegregation and cytokinesis failure, 

accompanied by changes in cell shape and cell cycle arrest (Hinchcliffe et al., 2001; 

Khodjakov and Rieder, 2001; Khodjakov et al., 2002; La Terra et al., 2005; Uetake et 

al., 2007). In addition, a study performed with several human and animal cell types 

has documented that, after anaphase, centrosomes reposition from the spindle poles 

into close proximity with the midbody. It was also shown that mature centrioles 

control the resolution of the midbody structure, possibly by severing the central 

microtubules in this structure and thereby allowing the completion of cytokinesis 

(Piel et al., 2001). Interestingly, some centrosomal proteins have been shown to 

localise to the midbody and to have a role in cytokinesis progression (Azimzadeh and 

Bornens, 2007; Doxsey et al., 2005b). All together, these experiments demonstrate a 

role for the centrosome in cytokinesis. 

 

1.2.3  Ciliogenesis 

Cilia and flagella are evolutionarily conserved, membrane-bound organelles 

that form microtubule-based projections into the extracellular environment 

(Carvalho-Santos et al., 2011). Many important sensory and motile functions have 

been attributed to these organelles in multiple cellular and developmental processes 

including sperm motility, propagation of morphogenetic signals in embryogenesis 

and sensory perception (Bettencourt-Dias and Glover, 2007; Carvalho-Santos et al., 

2011; Nigg and Raff, 2009). The primary cilia are a particular type of non-motile 

cilia that can be found in most types of specialized animal cells including 

photoreceptors, neurons and fibroblasts. These structures have gained special 

attention since they have been implicated in signalling pathways required for cell 

proliferation and differentiation including the Wnt, Sonic hedgehog (Shh), and 
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 Platelet derived growth factor (PDGF) pathways (Berbari et al., 2009; Eggenschwiler 

and Anderson, 2007). 

During the initial stage of cilia/flagella assembly, the centrosome moves to 

the plasma membrane where the mature centriole anchors its distal appendages. At 

this point the centrosome is converted into a basal body and nucleates a microtubule 

structure known as an axoneme (Kobayashi and Dynlacht, 2011). The structural basis 

of the axoneme in motile cilia and flagella consists of a symmetrical arrangement of 

nine microtubule doublets surrounding a central microtubule pair. It is the central 

microtubule pair that confers motility on cilia and flagella and, although primary cilia 

have the same nine-fold arrangement, they lack the central pair of microtubules and 

are thus immobile (Kobayashi and Dynlacht, 2011; Nigg and Raff, 2009). As the 

nine-fold symmetrical structures are templated by centrioles, which are generally 

only present in organisms capable of assembling cilia or flagella, it has been 

suggested that the nucleation of these organelles is the primary function of centrioles 

(Bornens and Azimzadeh, 2007; Debec et al., 2010). Indeed, failure to perform 

ciliary functions has been associated with centrosome dysfunctions in several genetic 

diseases, namely the ciliopathies (Badano et al., 2005). In addition, a considerable 

number of centrosomal proteins have been shown to be required for robust 

ciliogenesis (Graser et al., 2007; Mikule et al., 2007). The deletion of a major 

component of the centrosomal appendage fibres, namely Odf2, has been shown to 

prevent the formation of appendages and consequently basal body attachment for 

primary cilium assembly (Ishikawa et al., 2005). Furthermore, the depletion of the 

distal appendage protein Cep164 or the subdistal appendage protein ninein also 

impaired ciliogenisis (Graser et al., 2007). In light of these results, the presence of 

appendages has been suggested to be critical for cilia assembly.  

 

1.2.4  Regulation of cellular signalling  

Many regulators of cell proliferation and key components of the DNA damage 

response localise to the centrosomes, suggesting that this organelle provides spatial 

control for cell cycle regulatory complexes and that certain key components of the 

centrosome play additional non-centrosomal roles (Doxsey et al., 2005a; Doxsey et 

al., 2005b; Doxsey, 2001b; Fukasawa, 2007; Loffler et al., 2006; Shimada and 

Komatsu, 2009). For example, the initial activation of the Cdk1-cyclin B complex 

that permits entry into mitosis occurs at the centrosome (Jackman et al., 2003). 
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 Centrosomal Chk1 kinase has been described as a regulator of the Cdk1-activating 

phosphatase, Cdc25B, providing a mechanism linking DNA damage-sensitive kinase 

signalling to the control of the cell cycle (Kramer et al., 2004; Loffler et al., 2007). 

Further regulation of Chk1 occurs through other centrosome components, 

specifically through Mcph1 and pericentrin (Tibelius et al., 2009). Interestingly, 

Cdc25B was found to indirectly interact with centrin2 and to be involved in the 

centrosomal recruitment of centrins (Boutros et al., 2011). These activities and the 

many other DNA damage-responsive proteins that are found at the centrosome 

provide support for the idea that the centrosome can act as a macromolecular scaffold 

at which biochemical signals can be amplified, as well as the eventual target of such 

signalling. Interestingly, centrosome composition itself is also carefully monitored by 

the checkpoint machinery, with cell proliferation being blocked upon the 

independent depletion of several centrosomal components (Mikule et al., 2007; Srsen 

et al., 2006). 

1.3  The centrosome duplication cycle 

As a stable centrosome number is important in avoiding chromosome 

segregation problems and aneuploidy (Ganem et al., 2009), centrosome duplication is 

tightly co-ordinated with the cell cycle (Delattre and Gonczy, 2004; Nigg and 

Stearns, 2011). Like the chromosomes, centrosomes are normally duplicated in a 

semi-conservative manner, once per cycle and during S phase. The appropriate 

control of centrosome duplication involves at least two elements: the regulation of 

cyclin-dependent kinase activity (Hinchcliffe et al., 1998) and the licensing of 

centrosome duplication (Wong and Stearns, 2003). The same cyclin-CDK activities 

are required for both the chromosome and the centrosome cycles with the increase of 

CDK2 activity during early S phase coinciding with procentriole assembly 

(Hinchcliffe et al., 1999; Lacey et al., 1999; Matsumoto et al., 1999; Meraldi et al., 

1999). While not templated to the same extent as replicating DNA by the pre-

existing copy, centriole assembly occurs at a location that is specified by the pre-

existing centriole (Delattre and Gonczy, 2004; Hinchcliffe and Sluder, 2001; Nigg, 

2007; Vorobjev and Chentsov Yu, 1982).  
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The canonical centrosome duplication cycle is composed of five main events: 

centriole disengagement, procentriole biogenesis, procentriole elongation, 

centrosome maturation and centrosome separation (Figure 1.2). If the cell exits the 

cell cycle and becomes quiescent (G0), it may nucleate a cilium (Nigg, 2007; Nigg 

and Stearns, 2011; Tsou and Stearns, 2006). 

 
Figure 1.2  The canonical centrosome duplication cycle.  
A schematic representation of the different stages of centrosome duplication [based on (Nigg and 
Raff, 2009)].  

 

At the beginning of G1 phase, cells have only one centrosome with two 

disengaged centrioles loosely connected by interconnecting fibres. At the G1/S 

transition, the nucleation of a new procentriole is initiated at the proximal end of 

each pre-existing centriole. These procentrioles elongate orthogonally to their 

template centrioles until late G2 phase. Then, the centrosomes undergo maturation by 

recruiting extra proteins and increasing the size of the PCM surrounding them. At the 

G2/M transition, the now mature centrosomes separate to opposite poles and 

establish a bipolar spindle during mitosis. At the metaphase/anaphase transition, the 

orthogonal arrangement of the new and old centrioles is lost in a process named 
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 centrosome disengagement, which licences the two centrioles for the next round of 

duplication (Nigg, 2007; Nigg and Stearns, 2011; Tsou and Stearns, 2006).   

 

1.3.1  Procentriole biogenesis and elongation 

The process of procentriole assembly is highly conserved throughout 

eukaryotes (Carvalho-Santos et al., 2010; Nigg and Stearns, 2011). Several studies 

have demonstrated that the Polo-like kinase 4 (Plk4) is a major regulator of 

procentriole biogenesis. In higher cells, Plk4 overexpression induces formation of 

numerous centrioles, whereas its depletion inhibits centriole assembly (Habedanck et 

al., 2005; Kleylein-Sohn et al., 2007). As expected, the cellular activity of this kinase 

is robustly controlled by multiple mechanisms, including SCF/Slimb ubiquitin 

ligase-mediated degradation and its own autophosphorylation (Cunha-Ferreira et al., 

2009; Guderian et al., 2010; Holland et al., 2010; Kleylein-Sohn et al., 2007; 

Sillibourne et al., 2010).  

At the onset of procentriole formation, Cep152 recruits Plk4 to the proximal 

end of parental centrioles (Cizmecioglu et al., 2010; Hatch et al., 2010), where other 

proteins such as SAS-6, STIL and Cep135 start to accumulate. The protein levels of 

SAS-6 and STIL have been shown to be cell cycle regulated, normally increasing in 

G1 and being degraded during mitosis in an APC/C-dependent manner (Arquint et 

al., 2012; Strnad et al., 2007). SAS-6 and STIL are part of the same complex and 

appear to mutually regulate their recruitment. In addition, the recruitment of STIL to 

the centrosome is dependent on the presence of Plk4, while the initial localisation of 

SAS-6 does not (Strnad et al., 2007; Tang et al., 2011). 

The initiation of procentriole assembly is marked by the formation of a 

cartwheel-like structure. SAS-6, Cep135 and STIL have been suggested to cooperate 

in the assembly of this structure due to their early requirement in centriole biogenesis 

(Azimzadeh and Marshall, 2010; Nigg and Stearns, 2011). Effectively, several 

studies have recently confirmed that the oligomerization of SAS-6 at the core of the 

cartwheel is the origin of the centriolar nine-fold symmetry (Kitagawa et al., 2011; 

Nakazawa et al., 2007; van Breugel et al., 2011). On the other hand, Cep135 seems 

to act as a scaffold protein by holding C-NAP1 at the proximal ends of the centrioles, 

thus preventing premature disengagement or separation (Kim et al., 2008). 

Interestingly, Cep135 has also been involved microtubule nucleation and their 

organisation in the cell (Ohta et al., 2002; Ryu et al., 2000; Uetake et al., 2004).  
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After cartwheel formation, nine microtubule triplets assemble around this 

structure, generating the wall of the procentriole. The microtubules that compose 

centrioles are polarised in a similar manner to cytoskeleton microtubules, with the 

minus ends pointing towards the proximal end of the centrioles and thus, the centre 

of the centrosome. The formation of the microtubule triplets starts with the 

nucleation of the A-microtubule by the γ-TuRC complex at the spokes of the 

cartwheel. This is followed by the bidirectional growth of B- and C-microtubules 

from the wall of their neighbouring microtubule (Guichard et al., 2010). At this stage 

Cep152 has also recruited CPAP (also known as CenpJ or SAS-4) to the proximal 

ends of the centrioles where it has been shown to directly bind STIL (Cizmecioglu et 

al., 2010; Tang et al., 2011). CPAP plays an important regulatory role in microtubule 

nucleation through its association with the γ-TuRC (Hung et al., 2000). While CPAP 

depletion has been shown to result in the inhibition of centrosome duplication, its 

overexpression has been shown to result in centriole overelongation in human cells. 

CPAP is thus necessary for centriole biogenesis through the regulation of 

microtubule polymerisation and centriole length (Kleylein-Sohn et al., 2007; 

Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009).  

The elongation of procentrioles continues into G2 phase and microtubules are 

stabilized by tubulin post-translational modifications such as polyglutamylation. The 

procentrioles only reach their full length in the following cell cycle, at which stage 

they are young mothers about to mature (Azimzadeh and Marshall, 2010; Janke and 

Bulinski, 2011; Vorobjev and Chentsov Yu, 1982). 

A CP110/Cep97 containing complex has also been found to collaborate in the 

regulation of tubulin incorporation by forming a cap at the distal end of the 

procentriole (Kleylein-Sohn et al., 2007; Spektor et al., 2007). CP110 was initially 

identified as a Cdk2 substrate (Chen et al., 2002) and its proteins levels were shown 

to be cell cycle regulated: increasing at the G1/S transition and remaining high all the 

way through mitosis. Interestingly, the depletion of CP110 and displacement of its 

complex results in the abnormal growth of centriolar microtubules, while its 

overexpression prevents ciliogenesis (Schmidt et al., 2009; Spektor et al., 2007). In 

addition, CP110 has been shown to directly interact with both centrin and calmodulin 

in vivo and to be required for Plk4-induced centriole assembly and cytokinesis 

progression (Chen et al., 2002; Kleylein-Sohn et al., 2007; Tsang et al., 2006).  
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Other proteins such as POC1 and the centrin interactor, POC5, have also been 

implicated in the control of centriole elongation. POC5 has been shown to localise at 

the distal lumen of centrioles, while POC1 localises at the proximal end of centrioles 

(Azimzadeh et al., 2009; Keller et al., 2009). The down-modulation of POC5 

expression does not prevent the initiation of centrosome duplication but has been 

shown to cause a G1 or an intra-S phase cell cycle arrest and lead to the 

accumulation of short procentrioles (Azimzadeh et al., 2009). On the other hand the 

depletion of the procentriolar protein POC1 has been shown to inhibit centrosome 

duplication, decrease the stability of centrioles and promote defects in ciliogenesis 

(Keller et al., 2009; Pearson et al., 2009). However, similar to the impact of CPAP 

dysregulation, the overexpression of POC1B was reported to induce the formation of 

overly long centriolar structures (Keller et al., 2009).  

 

1.3.2  Centrosome maturation, separation and disengagement 

Centrosome maturation starts in G2 and involves an increase in centrosome 

size by the additional recruitment of PCM proteins, an increase in microtubule 

nucleation activities and the assembly of appendages on the younger mother centriole 

(the maturation of the new procentrioles occurs in the following cycle). Plk1 and 

Aurora-A are major regulators of centrosome maturation and act by phosphorylating 

multiple substrates to promote their recruitment to the PCM and the upregulation of 

microtubule nucleation (through the recruitment of more γ-TuRC complexes) 

(Meraldi and Nigg, 2002; Lukasiewicz and Lingle, 2009). Interestingly, many of the 

proteins involved in centrosome maturation either play a role in the recruitment of 

Aurora-A to centrosomes or act as downstream targets of Aurora-A (Lukasiewicz 

and Lingle, 2009). Nucleophosmin (NPM/B23) for example, has recently been 

implicated in the assembly of the mitotic spindle (Amin et al., 2008) and the 

regulation of Aurora-A (Reboutier et al., 2012). Although mainly localised to the 

nucleus, NPM is found at the centrosomes during G1 where it restricts centrosome 

duplication. It is the phosphorylation of NPM by Cdk2/cyclin E that removes it from 

centrosomes and promotes the initiation of centriole assembly (Okuda et al., 2000; 

Tokuyama et al., 2001).  
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After centrosome maturation, the centrosomes separate to move to opposite 

poles. Late in G2, the two parental centrioles are still bound to each other at their 

proximal ends by a fibrous linker of rootletin and C-NAP1 (Barr et al., 2010; Mayor 

et al., 2000). The Nek2 kinase phosphorylates these two proteins to promote the 

disassembly of the fibrous linker and thus allowing centrosomes move apart and 

assemble a bipolar spindle during mitosis (Bahe et al., 2005; Fry et al., 1998a; Fry et 

al., 1998b).  

At the metaphase/anaphase transition, disengagement is mediated by Plk1 and 

the separase protease, which is normally activated through APC/C activity. After 

disengagement, centrioles are ready for a new duplication cycle (Nakamura et al., 

2009; Schockel et al., 2011; Tsou and Stearns, 2006; Tsou et al., 2009). 

 

1.3.3  Centrosome overduplication 

Supernumerary of centrosomes can cause the formation of abnormal spindles 

which could, in turn, result in abnormal chromosome segregation and aneuploidy 

(Brinkley, 2001; Sluder and Nordberg, 2004). The pre-existence of centrioles is not 

always sufficient to restrict centriole duplication to a single daughter per mother. 

Multiple daughter centrioles can form around a single mother after proteasome 

inhibition, extended S-phase delay, expression of viral oncoprotein or Plk4 

overexpession (Duensing et al., 2007; Guarguaglini et al., 2005; Kleylein-Sohn et al., 

2007). In many mammalian cell lines, an extended S-phase delay induced by 

hydroxyurea (HU) treatment leads to the appearance of multiple centrosomes in a 

Cdk-dependent manner (Balczon et al., 1995; Prosser et al., 2009b). As at this stage 

in the cell cycle the centrosomes are licensed for duplication and Cdk2 is activated, 

this overduplication fits well with the requirements previously mentioned. 

Interestingly, a high level of centrosome amplification has been observed in p53-

deficient mice and cells (Fukasawa et al., 1996). This is believed to arise from 

abnormal Cdk2 activity in the absence of p53, along with a p53-independent cell 

cycle arrest to provide sufficient time for amplification (Fukasawa, 2008). 

Additionally, centrosome amplification can arise after DNA damage. Ionising 

radiation (IR) induced multiple spindle poles in vertebrate cells that subsequently, 

were found to contain centrosomes (Dodson et al., 2004; Sato et al., 1983; Sato et al., 

2000). Analysis of the underlying mechanism found that the Atm-Chk1-controlled 
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 G2-to-M checkpoint was necessary to allow this centrosome amplification (Bourke 

et al., 2007; Dodson et al., 2004), providing the requisite time for reduplication. 

Irradiation of some human and chicken cell lines caused upregulation of Cdk2 

activity and, notably, centrosome amplification was dependent on there being Cdk1 

or Cdk2 available (Bourke et al., 2010). Despite the observation that G2 phase 

centrosomes can acquire a license after irradiation (Inanc et al., 2010), it is not 

known what effect irradiation has on separase and several studies have indicated that 

the other licensing signal, Plk1, is actually inhibited by DNA damage (Smits et al., 

2000; van Vugt et al., 2001; Zhang et al., 2005). Nevertheless, premature centriole 

splitting, which may reflect disengagement, has been also observed after irradiation 

of human cell lines (Saladino et al., 2009).  

High levels of certain mitotic kinases such as Aurora-A have been shown to 

promote centrosome amplification and tumorigenesis (Bischoff et al., 1998; Fu et al., 

2007; Zhou et al., 1998). Supernumerary centrosomes also arise in S-phase arrested 

human cells as a result of a deficient degradation of Mps1, another mitotic kinase and 

target of the Cdk2 kinase (Kasbek et al., 2009; Kasbek et al., 2007). Interestingly, 

both Aurora-A and Mps1 –induced centrosome amplification appear to depend on 

the presence and regulation of centrins, which in addition have been reported to be 

their substrates (Lukasiewicz et al., 2011; Yang et al., 2010). Centrin2 

overexpression itself has been detected in tumour cells and ectopic overexpression of 

centrins can increase centriole overduplication in particular cell lines such as HeLa 

and CHO cells during an extended S-phase arrest (Lingle et al., 1998; Yang et al., 

2010). This suggests that centrins may regulate or directly participate in the 

centrosome duplication pathway. Accordingly, several studies have reported the 

aggregation of centrin into subcentriolar foci early during centriole overduplication 

or during de novo centrosome formation (Collins et al., 2010; Kuriyama et al., 2007; 

La Terra et al., 2005; Prosser et al., 2009a). It became therefore widely accepted that 

centrins are among the first proteins to be recruited during centriole assembly. 

However, it is not yet clear if centrins are essential for this process, since several 

depletion studies in human cells have reported conflicting and/or misleading results. 

Later in this chapter, we will discuss in detail the data from the several studies 

available in higher and lower eukaryotes on the centrosomal functions of centrins 

and their involvement in centrosome duplication. 
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1.4  Centrin identification and evolutionary conservation  

High concentrations of calcium induce contraction of the striated flagellar 

roots in Tetraselmis striata, causing the loss of flagella. Exploration of the 

mechanism of this calcium-responsive activity identified a protein later denominated 

centrin/caltractin as a major component of the striated flagellar root (Baron and 

Salisbury, 1988; Huang et al., 1988). Antisera raised to this protein of approximately 

20 kDa distinctly decorated the basal bodies, flagellar roots and an extended structure 

that linked the nucleus to the basal bodies  in  Chlamydomonas reinhardtii and other 

28 green alga taxa (Salisbury et al., 1984). Protein microsequencing after purification 

from Chlamydomonas basal bodies allowed the generation of a probe to screen a 

Chlamydomonas cDNA library, which led to the cloning of the CrCentrin gene 

(Huang et al., 1988).  

Centrin was found to be highly homologous to calmodulin and to contain four 

EF-hand calcium binding domains, consistent with the calcium-responsive activity in 

the striated flagellar root. The functional and structural similarities between the basal 

body and the centrosome together with the immunological reactivity of centrin 

antisera amongst multiple eukaryotic species (Salisbury et al., 1986) strongly 

suggested that centrin could be conserved outside the green algae and function at the 

centrosomes. Indeed, centrin orthologues from mouse (Ogawa and Shimizu, 1993) 

and human (Errabolu et al., 1994; Lee and Huang, 1993) were found and specific 

immunoreagents established centrins as centrosomal proteins in mammal cells 

(Errabolu et al., 1994; Lee and Huang, 1993). The observation of a calcium-

responsive pericentriolar lattice-like structure in rat kangaroo cells also indicated an 

additional localisation of centrins in some mammalian cells (Baron et al., 1994). 

Localisation of the Saccharomyces cerevisiae orthologue, Cdc31p, to the half-bridge 

of the analogous structure in yeast, the spindle pole body, further demonstrated that 

centrins are found in similar structures throughout eukaryotes (Spang et al., 1993). 

The continuous accumulation of data on centrins from different organisms 

enabled a detailed phylogenetic tree to be established (Azimzadeh and Bornens, 

2004). Two main centrin subfamilies have been defined on the basis of comparative 

sequence analysis, although all are related to calmodulin. Members of one subfamily 

are related to Chlamydomonas centrin, and members of the other are more 
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 homologous to the budding yeast CDC31 (Middendorp et al., 2000; Middendorp et 

al., 1997). From the four centrin isoforms described to date in mammals, centrin1, 2 

and 4 are closely related to one another and to the Chlamydomonas centrin (Errabolu 

et al., 1994; Gavet et al., 2003; Lee and Huang, 1993). Conversely, centrin3 is of the 

Cdc31p subfamily (Middendorp et al., 1997). At the amino-acid level, human 

centrin1 and 2 show 83% sequence identity in comparison to 52% observed between 

centrin2 and 3. This may suggest some evolutionary constraints on the degree of 

conservation in the various centrin subdomains. Nevertheless, a recent evolutionary 

analysis of centrosomal proteins assigned human centrin2 to a core inventory of 14 

centriolar proteins suggested to have been present in the last common ancestor of 

eukaryotes (Hodges et al., 2010). 

Although Cetn2 and Cetn3 are ubiquitously expressed, Cetn1 has been 

reported to have a more restricted expression pattern, being limited to male germ 

cells, neurons and ciliated cells (Hart et al., 1999; Wolfrum and Salisbury, 1998). 

Cetn1 was proposed to have arisen from a retroposition of Cetn2, as it shows certain 

diagnostic features of a retroposon: Cetn1 lacks introns and internal stop codons, and 

is bordered by a pair of direct repeats (Hart et al., 1999). Cetn4 is a centrin2-related 

gene, initially identified in mouse, with a tissue-restricted expression pattern that has 

suggested its being limited to ciliated cells (Gavet et al., 2003). In human cells, 

Cetn4 is a pseudogene and thus is not expressed. Full-length versions of these centrin 

isoforms all associate with centrioles, but to differing extents that may reflect 

changing centrin activities during the cell cycle (Gavet et al., 2003; Laoukili et al., 

2000; Middendorp et al., 1997). 

1.5  Centrin structure 

As already mentioned, centrins contain four calcium-binding EF hand motifs. 

These consist of helix-loop-helix structures with a middle loop composed of the key 

calcium binding residues (Gifford et al., 2007). At the N-terminal end of the 

molecule is a disordered region of some 20 amino-acids, which is not highly 

conserved between different centrins, but whose presence distinguishes centrins from 

closely-related EF-hand proteins such as calmodulin (Huang et al., 1988; Thompson 

et al., 2006) and was shown to be important in for their self-polymerisation (Tourbez 

et al., 2004; Yang et al., 2006). The current model for centrin is based on a structure 
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 in which its four EF-hand motifs are arranged in pairs, separated by a linker region 

(Thompson et al., 2006; Veeraraghavan et al., 2002). Figure 1.3 illustrates the 

functional domains of centrins, along with key regulatory residues.  

 
Figure 1.3  Centrin structure and domains. 
A.  Ribbon diagram of centrin2 based on the structure described for the protein without the first 24 
amino-acids of the N-terminus, calcium-loaded and complexed with a xeroderma pigmentosum group 
C (XPC) peptide (Thompson et al., 2006). The 3D representation of the structure was assembled and 
adapted using Jmol Version 12.0.41 http://home.rcsb.org/). Calcium ions are represented as green 
spheres and the EF-hands are marked by Roman numerals. 
B.  Two-dimensional representation of the principal domains of the 172 amino-acid centrin2 protein, 
along with the corresponding secondary structure predicted using the algorithm ‘Define Secondary 
Structure of Proteins’ in the RCSB Protein Data Bank. Regulatory elements that have been described 
as phosphorylation sites are indicated and were based on the following references: S20, T26 (Olsen et 
al., 2006); T45, T47, T118 (Yang et al., 2010); T138 (Trojan et al., 2008b); S170 (Lukasiewicz et al., 
2011; Lutz et al., 2001). 

 

The involvement of centrin in ion-mediated contractile responses at the 

striated flagellar root of green alga clearly implicates the calcium binding 

components of the molecule in regulating its mechanism of action (Sanders and 

Salisbury, 1994). In Chlamydomonas centrin, while both the N-terminal and C-

terminal domains can bind calcium, the N-terminal EF-hand pair has a greater 

affinity for calcium and the C-terminal for a Kar1 peptide (Hu et al., 2004; Ortiz et 

al., 2005; Veeraraghavan et al., 2002). Work with the yeast centrin orthologue, 

Cdc31p, has indicated that the C-terminal EF-hand pair is required for binding of a 

peptide target, with both N- and C-terminal EF-hands implicated in calcium binding 
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 (Geier et al., 1996). In human cells, the C-terminal domains of centrin1 and centrin2 

carry the high-affinity calcium-binding sites, with only low affinity in the N-terminal 

EF-hand domain (Durussel et al., 2000; Matei et al., 2003; Yang et al., 2006), while 

centrin3 has three robust calcium binding sites with the one sited in the N-terminal 

domain also being capable of binding magnesium (Cox et al., 2005). The calcium-

regulatory and target-binding sites therefore appear to be sited mainly in the C-

terminal pair of EF-hands in human centrins, with the N-terminal pair responding to 

the occupancy status of the C-terminus. 

A general view of how centrins work is that the binding of calcium facilitates 

target peptide recognition by the protein, with low-affinity peptide binding sites 

becoming activated in the presence of calcium (Zhang and He, 2011). However, the 

mechanistically-important interactions of the EF-hand subdomains with calcium and 

with centrins’ binding partners are complex and appear to vary significatively 

between species (Zhang and He, 2011).  

 

1.5.1  Centrin regulation by post-translational modifications  

Centrins are subject to extensive regulation by post-translational modification.  

The very initial identification of centrins in Tetraselmis noted that the protein was 

phosphorylated (Salisbury et al., 1984). Two-dimensional electrophoresis to resolve 

human centrin allowed the detection of at least 10 differently-migrating forms, 

suggesting that centrin undergoes several posttranslational modifications (Paoletti et 

al., 1996). In addition, centrin was also found to be highly phosphorylated in some 

human tumours with supernumerary centrosomes (Lingle et al., 1998). Several 

phosphorylatable residues have been described in vertebrate centrin2 and associated 

with centrosomal functions. Aurora-A and PKA were reported to phosphorylate 

centrin2 at serine 170, a modification that regulates the stability of centrin. 

Additionally, this phosphorylation has been suggested to promote centriole 

separation in G2 and to be required for Aurora-A-induced centrosome amplification 

(Lukasiewicz et al., 2011; Lutz et al., 2001). CK2 was also found to phosphorylate 

centrins at threonine 138, which regulates their ability to bind to a retinal G-protein 

complex and ciliary microtubules (Trojan et al., 2008a). Three additional centrin 

threonine sites (Thr45, Thr47, and Thr118) were described as target sites for the 

Mps1 kinase in vitro (Yang et al., 2010). Each of these sites is necessary for the 

Mps1-dependent centriole overduplication that results from overexpression of 
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 centrin2 to occur efficiently in HeLa cells. Furthermore, expression of centrin2 with 

phosphomimetic mutations of these sites caused more overduplication than the wild-

type protein (Yang et al., 2010). These results suggested that centrin2 activity is 

regulated, to some extent, through these phosphorylation sites. Further regulation of 

centrin activity is achieved through SUMOylation by SUMO2/3, which determines 

the subcellular localisation of the protein and which requires the activity of the 

polycomb protein 2 as an E3 ligase (Klein and Nigg, 2009).   

1.6  Centrin functions  

Since their identification, centrins have been mainly characterised as calcium-

binding proteins, enriched at centrosomal structures where they play important roles 

in duplication and/or ciliogenesis (Salisbury, 2007; Zhang and He, 2011). This 

centriolar localisation pattern has made fluorescently-tagged centrins an attractive 

tool for the study of centriole duplication by live cell imaging in higher cells 

(Higginbotham et al., 2004; Kuriyama et al., 2007; La Terra et al., 2005; Piel et al., 

2000; White et al., 2000). However, the early discovery that more than 90% of 

cellular centrins are not associated with the centrosome strongly suggested that these 

proteins could have additional roles elsewhere in the cell (Paoletti et al., 1996). 

Interestingly, centrin was found in a complex with the xeroderma pigmentosum 

group C (XPC) and HRAD23, which are required for accurate damage recognition in 

nucleotide excision repair (NER) (Sugasawa et al., 1998; Araki et al., 2001). In yeast 

Rad23p also functions as a proteasome-targeting vehicle for polyubiquitinated 

proteins (Chen and Madura, 2002; Rao and Sastry, 2002). Biochemical data showed 

that Cdc31p was capable of interacting directly with proteasomal components, as 

well as with polyubiquitinated proteins, thus regulating the stability of its interactors. 

CDC31 mutants also showed defective protein degradation (Chen and Madura, 

2008). Cdc31p was also found to be required for the activity of its interactor, Kic1p 

kinase, to ensure proper cell integrity and morphology (Sullivan et al., 1998). 

Functions of centrins in mRNA and protein export have also been reported and 

shown to be dependent on centrin association with Sac3p complex in yeast or the 

Nup107-160 complex at the nuclear envelope in vertebrates (Fischer et al., 2004; 

Resendes et al., 2008).  
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Additionally, centrins have been shown to interact with the heat shock 

proteins Hsp70/Hsp90 in Xenopus, but the biological significance of this interaction 

has not yet been revealed. In Trypanosoma brucei, specific centrin isoforms were 

found associated with the Golgi complex where they play a role in the 

duplication/segregation of this organelle (He et al., 2005). The localisations and 

known interactors of the centrins are summarised in Figure 1.4. 

 
Figure 1.4  The localisation and interactions of centrins in eukaryotic cells.  
Illustration of a cell with the organelles or structures where centrins were found to associate with 
interaction partners in higher eukaryotes and in yeast (in brown). The references describing these 
interactions are as follow: hSfi1 (Martinez-Sanz et al., 2006), hPOC5(Azimzadeh et al., 2009), CP110 
(Tsang et al., 2006), Cdc25b (Boutros et al., 2011), XPC (Araki et al., 2001), Aurora-A (Lukasiewicz 
et al., 2011), Mps1 (Yang et al., 2010), CK2 (Trojan et al., 2008b), Transducin (Trojan et al., 2008a), 
Nup107-160 complex (Resendes et al., 2008), Hsp70/Hsp90 (Uzawa et al., 1995), Kic1p (Sullivan et 
al., 1998), Rad4 (Araki et al., 2001), Rad23p (Araki et al., 2001), Sfi1p (Kilmartin, 2003), Kar1p 
(Biggins and Rose, 1994), Mps3p (Jaspersen et al., 2002), Sac3p–Thp1p–Sus1p complex (Fischer et 
al., 2004), Golgi localisation (He et al., 2005). Note that the elements of the idealised cell shown here 
are not to scale. 

 

In addition, a recent study has also identified XPC/HRAD23B/centrin2 as a 

coactivator complex that is selectively required for the synergistic activation of the 

Nanog gene by the key stem cell-specific transcription factors, Oct4 and Sox2 (Fong 

et al., 2011), opening the possibility that centrins might be indirectly involved in 

transcriptional regulation. 
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1.6.1  Centrins and centrosomal structures 

1.6.1.2  Centrosomal functions of centrins across lower eukaryotes   

The localisation of centrins to centrioles and basal bodies throughout Eukarya 

is consistent with the high degree of evolutionarily conservation seen in these 

proteins. Mutational and reverse genetic studies have shown that centrins are 

required for accurate basal body duplication/functions in a wide range of lower 

eukaryotes. One of the pioneer studies performed in Chlamydomonas reinhardtii 

identified a strain carrying a mutation on the centrin gene (vfl2), which resulted in 

increased rates of basal body missegregation due to defective nucleus-basal body 

connections. This mutation also resulted in a variable number of flagella and the 

absence of both distal striated and stellate fibres (Taillon et al., 1992; Wright et al., 

1985). Depletion of CrCentrin resulted in a strong reduction in the numbers of basal 

bodies per cell suggesting a defect in their duplication. In addition, the authors also 

detected a considerable fraction of non-flagellate basal bodies, suggesting 

deficiencies in the flagellar assembly or/and in basal body maturation (Koblenz et al., 

2003). On the other hand, the overexpression of fluorescently-tagged CrCentrin leads 

to the presence of additional non-centrosomal centrin clumps that do not co-localise 

with γ-tubulin or other centrosomal markers and occasionally, basal body anomalies 

(Koblenz et al., 2003; Ruiz et al., 2005). 

CDC31, the prototypic Cetn3 orthologue in Saccharomyces cerevisiae, was 

shown to be essential for the initial stages of spindle pole body duplication (Baum et 

al., 1986; Schild et al., 1981). Cdc31p localises to the half-bridge of the spindle pole 

body (SPB) where it preserves the integrity of this structure and forms filaments with 

Sfi1p (Kilmartin, 2003; Li et al., 2006; Spang et al., 1993). Cdc31p recruitment to 

the SPB was shown to depend on other SPB proteins, namely Kar1p and Mps3p 

(Biggins and Rose, 1994; Jaspersen et al., 2002; Spang et al., 1995). Summarising 

several studies, CDC31 mutations often resulted in failure of SPB duplication, cell 

cycle arrest and large-budded cell morphology (Baum et al., 1986; Baum et al., 1988; 

Ivanovska and Rose, 2001; Sullivan et al., 1998). The fission yeast centrin3 

orthologue, Cdc31p, is also required for SPB function, indicating conservation of 

centrin functions in yeast (Paoletti et al., 2003). 
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Looking through the evolutionarily diverse range of reverse genetic analyses 

of centrin, the general impact has been most pronounced in ciliated cells. The 

knockdown of centrin in the water fern, Marsilea vestita, induced spermiogenesis 

arrest before the assembly of blepharoplasts and basal bodies (Klink and Wolniak, 

2001). However, when spermiogenesis arrest was induced in this gametophyte by 

drug treatments (including HU), centrin translation and accumulation was not 

affected while blepharoplast and the motile apparatus formation was inhibited (Tsai 

and Wolniak, 2001).  

Centrin deletion in the pathogenic trypansosome, Leishmania donovani, 

resulted in a G2/M cell cycle arrest with defects in basal body duplication and failure 

in cell division exclusively during one amastigote stage of the parasite’s 

development, but not during the promastigote stage (Selvapandiyan et al., 2004). 

This phenotype was usually accompanied by cell death. These observations 

suggested the possibility of stage- or cell type-specific functions of centrin in 

Leishmania.  

Five centrin isoforms have been found in the parasitic protozoan, 

Trypanosoma brucei (He et al., 2005). TbCentrin1was shown to localise solely to the 

basal body, whereas TbCentrin2 and TbCentrin4 were also detected at a bilobed 

structure connected to the Golgi complex (He et al., 2005; Selvapandiyan et al., 

2007; Shi et al., 2008). RNAi depletion of TbCentrin1 or TbCentrin2 inhibited basal 

body duplication, with TbCentrin2 ablation also preventing the duplication or 

segregation of the Golgi complex and other organelles. Since nuclear division, but 

not cytokinesis, continued in these cells, multi-nucleated cells originated in the 

absence of cell division (He et al., 2005). On the other hand, TbCentrin4 knockdown 

had no detectable impact on the duplication of basal bodies or other organelles, 

although it led to the uncoupling of nuclear and cell division and resulted in the 

production of anuclear daughter cells, zoids, or enlarged cells with multiple 

organelles and nuclei (Selvapandiyan et al., 2007; Shi et al., 2008). Together, these 

data indicate discrete roles for individual trypanosome centrins in cell division. 

Tetrahymena thermophila centrins localise to basal bodies in the cortical 

rows, the oral apparatus, ciliary rootlets and their accessory structures (Guerra et al., 

2003; Stemm-Wolf et al., 2005). Immunoelectron microscopy demonstrated that 

TtCen1, which is the closest homologue to centrin2 in Tetrahymena, is specifically 
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 recruited to the transition zone, to the basal body midzone and to its base (Kilburn et 

al., 2007). The deletion of TtCEN1 leads to severe deficiencies in basal body stability 

and maintenance, together with mis-orientated probasal body assembly. This 

ultimately results in cell death (Stemm-Wolf et al., 2005; Vonderfecht et al., 2011). 

Rescue experiments with truncated TtCen1 demonstrated that the N- or C-terminal 

domains were individually incapable of rescuing viability, but that mutations of the 

EF-hands within either domain were compatible with survival. In this study, the 

authors also proposed that the C-terminal domain of centrin controls its localisation 

to basal bodies and the N-terminal domain of centrin, the separation and orientation 

of basal bodies (Vonderfecht et al., 2011).   

PtCen2a/b and PtCen3a/b are the Paramecium CETN2 and CETN3 

homologues, respectively (Ruiz et al., 2005). There exist multiple other atypical 

centrin isoforms in Paramecium, which play specialised and non-redundant roles in 

an extended contractile array, the infraciliary lattice (Gogendeau et al., 2008; 

Madeddu et al., 1996). Both PtCen2ap and PtCen3ap localise to basal bodies, but 

show distinct locations within these structures, with PtCen2ap in the basal body 

lumen/microtubules and PtCen3ap on fibrous structures linking basal bodies and at 

the ciliary rootlet. Knockdown experiments showed that even though these centrins 

do not have completely overlapping roles, both are dispensable for basal body 

assembly but necessary for correct basal body orientation and positioning during the 

duplication cycle (Ruiz et al., 2005). In addition, PtCen2ap depletion caused 

occasional ultrastructural defects, while PtCen3ap knockdown allowed the correct 

geometry of probasal body nucleation and elongation but prevented the rotation of 

the fully formed basal bodies even after maturation. The resulting mis-

orientation/positioning of basal bodies eventually inhibited basal body duplication 

(Ruiz et al., 2005), suggesting that the inability to position or insert a basal body in 

the cortex for ciliogenesis may prevent further assembly of these structures, 

providing an explanation for the severity of the phenotypes seen in the absence of 

centrin. 

 

1.6.1.2  Centrins involvement in centrosome duplication in vertebrate cells 

Although light and electron microscopy analysis have specifically localised 

centrins to the distal lumen of centrioles and nascent procentrioles (Paoletti et al., 

1996), their functions at the vertebrate centrosome are not well established. Several 
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 centrin knockdown studies have been performed in human cells but have yielded 

distinct or inconsistent results. In the first study published, RNAi depletion of 

centrin2 in HeLa cells resulted in the complete inhibition of centriole biogenesis. 

Interestingly cells with at least two centrioles continued to undergo centrosome 

separation and progress through the cell cycle until eventually only one or no 

centrioles were available. Consequently, cells assembled abnormal mitotic spindles, 

cell division was blocked and the number of multinucleated cells increased 

(Salisbury et al., 2002). In the case of centrin3, the partial depletion in U2OS cells 

led to the loss of centrosomal anchorage of microtubules and the disruption of their 

radial organisation, possibly by affecting the centrosomal recruitment of ninein 

(Dammermann and Merdes, 2002). However, an independent study in U2OS cells 

showed that siRNA depletion of both centrin2 and 3 did not block Plk4-induced 

procentriole biogenesis, which in fact occurred with similar kinetics. In addition, no 

defects were detected in the typical recruitment of key duplication components to the 

nascent procentrioles or in their subsequent behaviour (Kleylein-Sohn et al., 2007). 

An important caveat of all these studies is that the authors could not exclude 

potential off-target effects that would aggravate or overcome the centrosomal 

consequences of centrin loss.  

In fact, other groups have also depleted centrin2 using similar siRNA 

sequences to the one used in the initial study and saw the expected decrease of 

centrin2-labelled centrioles but no effect in the recruitment of SAS-6 to the base of 

the mother centriole or in the initiation of procentriole biogenesis (Strnad et al., 

2007; Yang et al., 2010). Despite having the same average number of γ-tubulin foci, 

centrin2-depleted procentrioles had a modest delay in CP110 incorporation at the 

beginning of S-phase, without any evidence of an S-phase delay. In addition, 

although centrin2-depleted cells were able to assemble multiple centrioles upon the 

overexpression of a nondegradable form of the centrosomal Mps1 kinase, a 

considerable fraction of these failed to recruit γ-tubulin (Yang et al., 2010). However, 

the authors could still not exclude the possibility that remaining molecules of 

centrin2 or the presence of other centrin isoforms could have been enough to support 

centriole biogenesis. Therefore, the roles of centrins at the centrosome in vertebrate 

cells remain to be clarified with a cleaner and more reliable approach. 
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1.6.1.3  A role for vertebrate centrins in ciliogenesis 

In human RPE1 cells, the individual depletion of several centrosomal proteins 

led to a p53-dependent cell cycle arrest in G1 phase. In this study, CETN2 siRNA 

resulted in a strong accumulation of cells in G1, suggesting that centrin2 is required 

for the normal cell cycle progression of non-transformed cells (Mikule et al., 2007). 

An additional phenotype detected upon centrin2 depletion in human RPE1 cells was 

a marked reduction in primary cilia assembly after serum starvation (Graser et al., 

2007; Mikule et al., 2007). In fact, a recent analysis of Cetn2 knockdown in zebrafish 

embryos using morpholino oligonucleotides has shown developmental abnormalities 

very similar to phenotypes observed in models of ciliopathies. These included 

defects in kidney and the olfactory bulb, which were accompanied by a reduction in 

cilia numbers, cilia defects and uncoordinated ciliary beating. Further examination of 

these zebrafish morphants also revealed mitotic delays in the absence of centrin2. It 

was suggested that the impact in mitosis was due to centrosomal defects, although 

the precise impact on mitosis was not described (Delaval et al., 2011).  

 

1.6.2  Centrins and nucleotide excision repair 

While most studies emphasise the centrosomal localisation of centrin, it is 

important to note that the vast majority of cellular centrin is not associated with the 

centrosomes (Paoletti et al., 1996). Recent cell fractionation experiments have 

positioned centrins within the cell nucleus (Acu et al., 2010; Paoletti et al., 1996) 

where they were shown to interact with XPC, a protein which plays a pivotal role in 

nucleotide excision repair (NER) (Araki et al., 2001).  

The NER pathway is responsible for the repair of bulky, helix-distorting DNA 

adducts, particularly those generated by UV light. Deficiencies in NER lead to 

several human diseases, including xeroderma pigmentosum (XP), in which patients 

have a marked sensitivity to sunlight (UV damage) and a predisposition to skin 

cancer (de Laat et al., 1999; Wood, 1996). Two principal NER subpathways resolve 

the 6-4 photoproducts and cyclobutane pyrimidine dimers that arise after UV 

damage. One is termed transcription-coupled NER, and acts quickly to remove DNA 

distortions that block transcription and the other is global genome repair, which, 

while not as rapid, acts genome-wide (Bohr et al., 1985; Mellon et al., 1987). 

Although both methods of NER are similar in their basic mechanism, one major 



 

 
24 

 

Chapter 1  Introduction 
 difference exists in the initial recognition of DNA damage. In transcription-coupled 

NER, the DNA lesion is recognised by the stalling of RNA polymerase II at lesions 

(Selby and Sancar, 1993), whereas in global genome NER, the damage is initially 

detected by the XPC protein-containing complex (Sugasawa et al., 1998). The initial 

detection is dependent on the type of distortion. 6-4 photoproducts are predominantly 

recognised by XPC but cyclobutane pyrimidine dimers are detected more robustly by 

the UV-DDB complex before XPC is recruited. The steps subsequent to the initial 

recognition are common to both modes; XPC recruits TFIIH through interaction with 

one of its subunits, XPB (Bernardes de Jesus et al., 2008). DNA is then unzipped 

near the lesion by helicase actions of TFIIH in the presence of XPA, XPG and 

replication protein A (RPA) (Egly, 2001). This allows structure-specific 

endonucleases, namely XPF-ERCC1 and XPG to excise at both 5’ and 3’ of the 

damage, removing approximately 25-30 base pairs. The resulting gap is then 

resolved by DNA polymerase (δ or ε), and the nick is joined by DNA ligase I (de 

Laat et al., 1999; Sugasawa, 2010; Wood, 1996). A diagram of the nucleotide 

excision repair pathways including the stage where centrin is thought to function is 

shown in Figure 1.5. 

 
Figure 1.5  A role for centrin in nucleotide excision repair.  
Diagrammatic representation of the nucleotide excision repair pathways. This image was mostly 
prepared by Owen Daly.  
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1.6.2.1  Centrin interacts with XPC for robust NER 

Centrins were implicated in NER when protein sequencing identified centrin2 

as a significant component of a chromatographic fraction from HeLa nuclear extracts 

that was capable of rescuing NER capacity in extracts prepared from human cells 

with a mutation in XPC (Araki et al., 2001). This fraction was shown to contain 

XPC, its known partner, HRAD23B (Masutani et al., 1994) and centrin2, which was 

found to bind directly to XPC. Although centrin2 was dispensable in in vitro NER 

reactions (Araki et al., 2000; Araujo et al., 2001), its presence stabilised XPC in a 

heat inactivation assay and slightly increased NER activity (Araki et al., 2001). A 17 

amino-acid region in XPC that was predicted on the basis of calmodulin binding site 

preferences was shown to have a strong affinity to centrin2 that increased in the 

presence of calcium (Popescu et al., 2003). A mutational analysis of the XPC-

centrin2 interaction confirmed this peptide as the region of XPC required for the 

centrin interaction, lying in an α-helical region toward the C-terminus (amino-acids 

847-866 in the 940 amino-acid human XPC sequence) (Nishi et al., 2005). 

Characterisation of the structure of this peptide complexed to centrin2 indicated that 

interaction primarily involved the C-terminal domain of centrin2 (Thompson et al., 

2006). Abrogation of the interaction by mutation of this domain led to a significant 

diminution of NER activity in an in vitro reaction to monitor the excision of a base 

lesion by a reconstituted XPC cell extract, as well as reduced binding to damaged 

DNA by the complex (Nishi et al., 2005). However, it is not yet clear at what stage 

does the NER reaction become impaired in the absence of centrin.   

 Overexpression of XPC alters the partitioning of centrin2, shifting it to the 

nucleus (Charbonnier et al., 2007). This repartitioning requires the XPC-interaction 

as it is not induced by overexpression of an XPC with a mutation in the centrin-

interaction sequence (Charbonnier et al., 2007). Localisation to the nucleus of 

centrin2, but not of XPC, was disrupted by RNAi-mediated depletion of the SUMO 

E2-conjugating enzyme, UBC9, the E3 ligase, polycomb protein 2, or of SUMO2/3 

(Klein and Nigg, 2009). This work also showed that centrin2 is SUMOylated and 

that centrin’s interaction with XPC was greatly increased by this SUMOylation. 

XPC, but not XPA, depletion also reduced the level of nuclear centrin2, indicating 

the specificity of this interaction in directing nuclear localisation of centrin. In related 

work, centrin underwent a prominent re-localisation to the nucleus in response to UV 
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 irradiation and analogous DNA damage, potentially limiting the level of cytoplasmic 

centrin (Acu et al., 2010). This re-localisation was not observed in XPC null 

fibroblasts (Acu et al., 2010), or in HeLa cells after siRNA knockdown of XPC 

(Renaud et al., 2011). Conversely, HRAD23 knockdown did not impact on centrin2 

localisation (Renaud et al., 2011), consistent with the idea that nuclear targeting of 

centrin specifically requires XPC.  

In yeast, the XPC orthologue Rad4p binds Cdc31p as part of the NEF 

(nucleotide exchange factor) complex which also includes Rad23p (Chen and 

Madura, 2008). Interestingly, temperature-sensitive CDC31 mutants that showed 

disruption of the Rad4p-Cdc31p interaction were sensitive to UV. Another interactor 

of Rad4p/Rad23p is the recently-described Rad33p, which has been suggested as an 

alternative to Cdc31p and a possible functional homologue of centrin2 (den Dulk et 

al., 2008). In plants, Arabidopsis thaliana cen2 mutants also showed defective NER, 

although this was a relatively moderate phenotype, accompanied by a hyper-

recombination phenotype whose mechanism is not yet fully understood (Liang et al., 

2006; Molinier et al., 2004). Recent work in human MCF-7 breast cancer cells has 

suggested the in vivo involvement of centrins in the resolution of 6-4 photoproducts 

(Acu et al., 2010). However, since the shRNA treatment for centrin2 also 

compromised cell viability in these experiments, it was not clear if this influenced 

the kinetics of DNA repair. Furthermore, because the long term cell survival 

following UV was not analysed, the biological importance of centrins functions in 

NER remains to be addressed. It would be also of great interest to understand if 

centrins activities at the centrosome are mechanistically linked to its roles in DNA 

repair or if these simply independent functions. Given the quantities of cellular 

centrin, the centrosome does not seem necessary to serve as a centrin reservoir. 

However, the centrosome has been known to act as a scaffold on which key cellular 

signals can be received or generated. With this in mind, it would be interesting to test 

if the localisation of centrin at the centrosome and its calcium binding properties are 

permissive or inhibitory of post-translation modifications before it can enter the 

nucleus and function in NER.  
 

1.6.2.3  Other centrosomal proteins also function in DNA repair 

While there are multiple examples of DNA damage checkpoint proteins 

localising to the centrosome (Fukasawa, 2007; Loffler et al., 2006; Shimada and 
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 Komatsu, 2009), there is relatively little evidence for the NER factors acting there. 

Data on this include a recent report of the XPB component of TFIIH being observed 

at the centrosome (Weber et al., 2010) and Cep164, which is a distal component of 

the centriole and has been implicated in NER. When identified, Cep164 was shown 

to localise to the distal appendages of mature centrioles and to play an essential role 

in primary ciliogenesis in human cells (Graser et al., 2007). In addition to its 

centrosomal functions, Cep164 was later reported to localise at UV-induced DNA 

lesions where it interacts with XPA for efficient DNA repair (Pan and Lee, 2009). 

Notably, Cep164 was also shown to interact with the apical DNA damage response 

kinases, ATM and ATR, and to undergo ATR-dependent phosphorylation upon UV 

damage (Sivasubramaniam et al., 2008).  

Members of other DNA repair pathways also localise to centrosomes, namely 

the components of the poly(ADP-ribose) polymerase (PARP) system, which is 

involved in base excision repair. Light microscopy analysis has indicated that PARP-

1 localises to both centrioles and PARP-3 predominantly to the daughter throughout 

the cell cycle (Augustin et al., 2003; Kanai et al., 2000). PARP activity also appears 

to control the localisation of Xrcc1 and DNA ligase IIIα (involved in single-strand 

break repair) to the centrosomes prior to anaphase (Okano et al., 2005). These 

findings provide evidence of robust communication between the nucleus and the 

centrosome through PARP signalling. 

1.8  Aims of this study and model system selection 

Despite the clear importance of centrins in basal body duplication and/or 

function throughout evolution, the roles of centrins in the vertebrate centrosome are 

poorly defined and controversial. In this study we aimed to characterise and clarify 

the main functions of centrins at the centrosomes in vertebrate somatic cells. In order 

to do so, we decided to disrupt all centrin isoforms in a highly-genetically-tractable 

model system and extensively investigate centrosome integrity, duplication and 

homeostasis in the absence of centrins. We also tested cell viability, proliferation and 

checkpoint response of centrin-deficient cells and monitored cell division by live cell 

imaging.  

Another major objective of this project was to elucidate the function of 

centrins in the DNA damage response. We tested survival following treatment with 
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 genotoxic agents, namely UV and IR. We also monitored checkpoint maintenance 

and determined the kinetics of DNA repair through nucleotide excision repair in the 

absence of centrins. We subsequently monitored the recruitment of the centrins 

interactor, XPC, to UV-like DNA lesions to determine the effects of centrin 

deficiency on XPC’s activity.  

 

1.7.1  Models for gene silencing and disruption 

Small interfering RNAs (siRNA) and derived technologies are great tools to 

perform genome-wide screens and are usually much faster than a gene targeting 

approach. They are also very useful for models with low frequencies of targeted 

genomic integration. However, frequent off-target effects and the incomplete 

depletion of the protein of interest are common issues and may lead to erroneous 

conclusions (Li and Cha, 2007; Shan, 2010). Reverse genetics through gene targeting 

is a powerful and usually much cleaner approach for the study of gene function. It 

consists on the mutation or disruption of a gene of interest and the characterisation of 

the resulting phenotypes (Hudson et al., 2002). Several model systems and various 

strategies have been used for gene disruption and the study of basal body and 

centrosomal proteins, including centrins in the case of lower eukaryotes. These 

comprise: yeast (Baum et al., 1986; Paoletti et al., 2003), protozoa (e.g. Leishmania 

donovani and Tetrahymena thermophila) (Selvapandiyan et al., 2004; Stemm-Wolf 

et al., 2005), and vertebrate cell lines, such as chicken DT40 cells (Acquaviva et al., 

2009), mouse embryonic stem cells (Schuendeln et al., 2004) and human Nalm-6 or 

HCT116 cells (Adachi et al., 2006; Tsou et al., 2009). Since we wanted to study 

centrins in vertebrate cells and required high targeting efficiencies to study all 

isoforms, we decided to use the chicken DT40 as a model system in this project. 

 

1.7.2  The chicken DT40 model system 

The ease of performing gene function analysis in the chicken DT40 model 

system allowed it to become widely used for gene ablation studies (Winding and 

Berchtold, 2001a). Additionally, since it is a vertebrate cell line, the analyses of gene 

function in DT40 are highly relevant for the understanding of the closely related 

human genes.  

DT40 cells are a transformed chicken B lymphocyte cell line derived from an 

avian leukosis virus induced bursal lymphoma, isolated from a white leghorn chicken 
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 (Baba et al., 1985). This cell line has been found to be highly genetically tractable in 

a directed and targeted manner (Buerstedde and Takeda, 1991). In fact, the targeted 

genomic integration of transfected DNA into the genome of these cells is several 

orders of magnitude higher than those observed in mouse embryonic stem cells, 

human model systems or any other vertebrate cell line, and can be as high as 80% 

(Buerstedde and Takeda, 1991). This high ratio of targeted to random integration is 

thought to be linked with the process by which chicken generate their immune 

diversity. While in mammals the initial generation of antibody diversity is achieved 

by V(D)J recombination, in chicken B cell precursors the bulk of the diversification 

of IgV genes takes place through Ig gene conversion, which occurs by homologous 

recombination (McCormack et al., 1991). Although the connection is not fully 

understood, the capacity of DT40 cells to undergo continuous Ig gene conversion 

may be the source of the high targeting efficiencies (Buerstedde et al., 1990; 

Buerstedde and Takeda, 1991; Sonoda et al., 2001).  

 

1.7.2.1  Main characteristics and advantages of the DT40 cell line  

DT40 cells are approximately 7-12μm in diameter and have a high nucleus to 

cytoplasm ratio, a characteristic of lymphocytes (Winding and Berchtold, 2001b). 

Light and electron microscopy images of DT40 cells are shown in Figure 1.6.  

 
Figure 1.6  Chicken DT40 cells.  
A.  Differential interference contrast microscopy image of a DT40 culture. Scale bar, 5 µm.  
B.  Transmission electron micrograph of a wild-type DT40 cell. Scale bar, 500 nm. 

 

The chicken genome is approximately three times smaller than the human and 

mouse genomes and in contrast to these mammals, the male chicken is homogametic 

A. B.
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 (ZZ) and the female gender is heterogametic (ZW). DT40 cells have a karyotype of 

80 chromosomes, which comprises 11 autosomal macrochromosomes, the ZW sex 

chromosomes and 67 microchromosomes. Although the karyotype of DT40 is stable 

without obvious abnormalities, they are trisomic for chromosome 2 and one of the 

microchromosomes (Sonoda et al., 2001; Sonoda et al., 1998).  

The red jungle fowl (the ancestor of domestic chickens) genome was 

sequenced (7.1x coverage) and the published annotated genome includes 92-95% of 

the chicken genome (International Chicken Genome Sequencing Consortium, 

www.ncbi.nlm.nih.gov/genome/guide/chicken/index.html). A database of expressed 

sequence tags (EST) in chicken is also available in the NCBI website and can be 

used to confirm expression and the exonic structure of predicted genes. Given that 

the DT40 cell line was generated from a white leghorn chicken, polymorphisms can 

be observed between the published genomic sequence and sequences cloned from 

DT40 cells. Nevertheless, the availability of the database is a significant and crucial 

factor for the design and construction of targeting vectors and cloning of genes of 

interest.  

In addition to a high karyotypic and phenotypic stability over long periods of 

cell culture, DT40 cells double every 8-10 hours and have elevated subcloning 

efficiencies. These characteristics allow the use of this cell line in multiple sequential 

gene targeting experiments and facilitate epistasis analysis. (Nakamura et al., 2006; 

Sonoda et al., 2001). A common feature in the transformation of avian cells is the 

loss of p53, which affects the maintenance of the G1/S transition checkpoint (Takao 

et al., 1999). This should be taken into account as the absence of p53 may mask 

certain cell responses to the removal of the gene of interest. On the other hand, the 

reverse genetic analysis of some proteins may be simplified without a p53-induced 

checkpoint activation. 

 

1.7.1.2  Designing gene targeting strategies and constructs 

Extensive knowledge of the locus of interest and its surrounding genomic 

sequence, are two critical factors for designing a successful targeting strategy. The 

target region can be the complete coding sequence of the gene of interest, domains 

essential for protein function or smaller regions. Gene targeting requires the design 

and assembly of knockout constructs. These consist of a resistance cassette flanked 

by two DNA sequences, normally denominated 5’ and 3’ homology arms (typically 



 

 
31 

 

 
 2-4kb in length each), which are cloned from the regions upstream and downstream 

of the target deletion sequence. The use of a resistance marker allows the subsequent 

isolation of clones carrying the desired modification (Arakawa and Buerstedde, 

2006).  

Projects involving sequential targeting of more than one gene (such as this 

study) are limited by the small number of resistance cassettes available. In DT40 

cells, resistance cassettes flanked by loxP sites can be recycled through the transient 

expression of a controllable Cre recombinase. The Cre recombinase is fused to the 

hormone binding domains of the Mutated Estrogen Recepter (Mer) and after 

transfection, the Mer ligand (4-hydroxytamoxifen) is added into culture. This leads to 

the translocation of the Cre recombinant protein to the nucleus, where it will mediate 

the deletion of the genomic sequence flanking the loxP sites (Arakawa et al., 2001). 

As a result, the loxP resistance cassettes are lost, allowing further transfections and 

selection with the same resistance markers. 

 

In order to study essential genes, various conditional knockout strategies have 

been developed for the DT40 model. The key step of conditional gene targeting is to 

introduce a controllable transgenic version of the gene of interest before targeting all 

its endogenous copies; or to knock-in a tag into the endogenous gene sequence to 

allow the control of its transcript or protein product. The more popular strategies 

implemented in the DT40 model include switchable transgene expression 

(TetON/OFF), transgene removal by Cre/loxP mediated recombination or auxin-

mediated protein degradation by knock-in of an auxin inducible tag (Arakawa et al., 

2001; Baron and Bujard, 2000; Hudson et al., 2002; Nishimura et al., 2009). 

 

In summary, the use of the hyper-recombinogenic DT40 model system was 

compatible with possible essential functions of centrins and allowed us to analyse 

and sequentially disrupt all centrin genes present in a vertebrate cell line.  
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2.1  Chemical Reagents 

Unless otherwise indicated the analytical grade chemicals used throughout 

this study were supplied by Sigma (Arklow, Ireland). Other suppliers were Fisher 

(Leiceistershire, UK), GE Healthcare (Bucks, UK) and BDH (Hertfordshire, UK). 

Oligodeoxynucleotide primers were purchased from Sigma while radioisotopes (α-
32P-dCTP) were supplied by ICN (Asse-Relengen, Belgium). RNA was prepared 

using the TRIzol reagent (Total RNA Isolation) obtained from Invitrogen (Carlsbad, 

USA) and all solutions used for RNA work were treated with 0.1% diethyl 

pyrocarbonate (DEPC).  

All common reagents and buffers used in this study were prepared using 

ddH2O or Milli-Q purified water (Millipore, Billerica, USA), autoclaved or filtered if 

appropriate, and are listed in Table 2.1 (in alphabetical order).       

Table 2.1  Common reagents and buffers 

Solutions  Composition  Notes and use 
Blocking solution  

(immunofluorescence 
microscopy) 

1% BSA in 1x PBS. Filter sterilised 
and stored with 0.1% Sodium azide

For blocking cells and diluting 
antibody  

Blocking solution 
(Southern blot) 

10% Caseine in Maleic acid wash 
buffer 

For blocking of Southern blot 
membranes 

Blocking solution 
(western blot) 

1x PBS, 0.1% Tween-20, 5% dried 
milk 

To decrease the unspecific 
binding of antibodies 

1x Ca2+ buffer 10mM HEPES pH 7.5, 140mM 
NaCl, 2.5mM CaCl2

For AnnexinV staining  

Church hybe buffer 0.5M NaPi, 7% SDS For Southern blot 
hybridisation 

Church wash buffer 40mM NaPi, 1% SDS For Southern blot washes 

CLAP 
1000x stock solution of 

Chymotrypsin, Leupeptin, 
Antipain, Pepstatin A 

Protease inhibitors, each at 1 
mg/ml in DMSO 

Coomassie brilliant 
blue 

0.5% Coomassie in 35% Methanol, 
14% Acetic acid For SDS-PAGE analysis 

Coomassie destain 
solution 30% Methanol, 10% Acetic acid For destaining Coomassie-

stained gels 

2x Cytoskeleton buffer 
(CB) 

137mM NaCl, 5mM KCL, 1.1mM 
Na2HPO4, 0.4mM KH2PO4, 2mM 

MGCl2, 2mM EGTA, 5mM PIPES, 
5.5mM Glucose pH to 6.1 

To prepare fixation and 
permeabilisation buffers for 

immunofluorescence 
microscopy, filter sterilized 
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DABCO  2.5% DABCO, 50mM Tris base 
pH 8, 90% Glycerol For mounting slides 

Denaturation solution  1.5M NaCl, 0.5M NaOH For the denaturation of DNA 
in Southern gels 

DEPC water 0.1% DEPC in ddH2O For RNA work 

Depurination solution 250mM HCl For fragmenting DNA in 
Southern gels 

Detection buffer 0.1M Tris base pH 9.5, 0.1M NaCl
To bring the Southern 

membrane to the right pH 
before DIG probe detection 

6x DNA loading dye 
20% Sucrose, 0.1M EDTA pH 8.0, 
1% SDS, 0.25% Bromophenol blue, 

0.25% Xylene cyanol. 

For loading of DNA samples 
on agarose gels 

Immunofluorescence 
fixation solution 

4% Paraformaldehyde in 1x CB For fixation of cells for 
immunofluorescence 

microscopy  
Methanol supplemented with 5 mM 

EGTA 

Immunoprecipitation 
buffer 

50mM HEPES pH 7.3, 150mM 
NaCl, 2mM EDTA, 0.5% NP-40,  

10% Glycerol 

For immunoprecipitation of 
endogenous and tagged 

proteins 

High stringency buffer 0.5x SSC, 0.1% SDS For Southern blot membrane 
washes  

Hot Southern blot 
(NaPi) 1M Na2HPO4-H2O pH 7.2 Stock to prepare hot Southern 

blot buffers 

Low stringency buffer 2x SSC, 0.1% SDS For Southern blot membrane 
washes  

Luria-Bertani (LB)  
medium  

1% Tryptone, 0.5% Yeast extract, 
1% NaCl, pH 7.0 

For growth of bacterial 
(Escherichia coli) cultures 

Neutralisation solution 1.5M NaCl, 0.5M Tris base, pH 7.5 For neutralization of Southern 
gels 

Maleic acid washing 
buffer 

100mM Maleic acid pH 7.5,  
150mM NaCl, 0.3% Tween-20 

For membrane washes  in 
non-radioactive Southern Blot

10x MOPS buffer 
0.2M MOPS pH 7.0, 20mM 

Sodium acetate, 10mM EDTA   pH 
8 

Autoclaved, use 1x for 
running formaldehyde gels  

Permeabilisation 
buffer 

0.15% Triton-X-100 in 1x CB or 
PBS 

For permeabilisation of cells 
for immunofluorescence 

microscopy after PFA fixation
1x Phosphate buffered 

saline (PBS) 
137mM NaCl, 2.7mM KCl, 1.4mM 
NaH2PO4, 4.3mM Na2HPO4, pH 7.4 For washing cells 

PBS-Tween 1x PBS with 0.1% Tween-20 For washing western blots 

Ponceau S. 0.5% Ponceau S., 5% Acetic acid For staining western blot 
membranes  

Primary antibody 
dilution buffer 

1x PBS, 0.1% Tween-20, 1% Milk For dilution of primary 
antibody for western blot 

1x PBS, 0.1% Tween-20, 5% BSA
For dilution of primary 
phospho-antibodies for 

western blot 

RIPA buffer 
50mM Tris base pH 7.4, 1% NP-40, 

0.25% Sodium deoxycholate, 
150mM NaCl, 1mM EDTA 

For extraction of proteins 

RNA loading buffer 
50% Glycerol, 10mM EDTA, 

0.25% Bromophenol blue, 0.25% 
Xylene cyanol  

To load RNA samples on 
formaldehyde gels 

Running buffer 1x TG, 0.1% SDS For running acrylamide gels 
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3x Sample buffer  

150mM Tris base pH 6.8, 45% 
Sucrose, 6mM K-EDTA pH 7.4, 

9% SDS, 0.03% Bromophenol blue

For loading western samples 
on SDS-PAGE gels 

10x Salt-sodium 
citrate (SSC) 

1.5M NaCl, 0.15M Sodium citrate, 
pH adjusted to 7.0 with Citric acid 

For transfer of DNA from 
Southern gels to nylon 

membranes  
SCac buffer 0.1M Sodium cacodylate, pH 7.2 To wash cell pellets in TEM 

Super Broth 0.5% Tryptone, 2% Yeast extract, 
0.5% NaCl, pH 7.5 To grow bacterial cultures 

1x TAE buffer 40mM Tris base, 20mM Acetic acid 
pH 8.0, 1mM EDTA 

For preparation and running 
of agarose gels 

1x Tail buffer  50mM Tris base pH8.8, 100mM 
EDTA, 100mM NaCl, 1% SDS 

For extraction of genomic 
DNA 

1x TE buffer 10mM Tris base, 1 mM EDTA To elute DNA 

1x TG buffer 25mM Tris base, 192mM Glycine, 
pH 8.3 

For making running buffer 
and transfer buffer for western 

blot 

1x Transfer buffer 
48mM Tris base, 39mM Glycine, 

20% Methanol, 0.0375% SDS 

For semi-dry transfer of 
proteins from SDS-PAGE 

gels to nitrocellulose 
membranes 

1x TG 20% Methanol, 1% SDS For wet transfer 

Washing buffer 0.1M Maleic acid, 0.15M NaCl, pH 
7.5, 0.3% Tween-20 

For washing Southern blot 
membranes 

 

2.2  Molecular biology reagents 

Most of the reagents required for DNA subcloning such as restriction 

enzymes, Klenow polymerase Fragment I, DNA ligase, were obtained from New 

England Biolabs (NEB, Ipswich, USA). The DNA polymerases KOD and SigmaTaq 

used for polymerase chain reactions (PCR), were purchased from Novagen 

(Darmstadt, Germany) and Sigma, respectively. Shrimp alkaline phosphatase (SAP) 

was obtained from USB (Cleveland, USA). DNA 1kb ladder was supplied by 

Invitrogen and protein size markers were supplied by Fermentas (SM1811) (Glen 

Burnie, USA) or BioRad (161-0374) (Hercules, USA).  

Escherichia coli clones were selected using ampicillin or kanamycin 

antibiotics (Sigma) at the final concentrations of 50μg/ml or 30μg/ml, respectively. 

The molecular biology commercial kits used during this study are listed in Table 2.2. 
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Table 2.2  Molecular biology kits used in this study 

Name Use  Supplied by 
GenEluteTM mammalian 

genomic DNA MiniPrep kit 
Small scale genomic DNA 

extraction Sigma 

GenEluteTM plasmid 
MiniPrep kit 

Small scale plasmid DNA 
extraction Sigma 

MidiPrep kit 
(Endotoxin-free) 

Large scale plasmid DNA 
extraction 

Fisher (Dublin, Ireland)  
and Qiagen (Crawley, 

UK) 

QIAquick gel extraction kit 
Extraction and purification of 

DNA fragments from the 
agarose gel 

Qiagen 

QIAquick PCR purification 
kit Purification of DNA fragments Qiagen  

SigmaSpin™ sequencing 
reaction clean-up Purification of DNA fragments Sigma 

Superscript first-strand 
synthesis for RT-PCR kit cDNA synthesis Invitrogen 

PCR DIG probe synthesis kit Labelling probe for Southern 
blot 

Roche (Mannheim, 
Germany) 

 

Several plasmids were acquired for the development of this project. A list of 

the cloning and expression plasmids used is shown in Table 2.3. 

Table 2.3  Commercial or provided plasmids used in this study 

Plasmid name Use  References 

pGEM-T Easy General subcloning and for 
assembly of knock out targeting 

vectors 

(Promega, Madison, WI, 
USA) 

pBlueScript(SK/KS) Stratagene (La Jolla, CA) 
pEGFP-C1/N1 

Expression in vertebrate cells 
Clontech (Palo Alto, CA) 

pCMV-3Tag 2A-C (myc) Agilent Technologies 
(Santa Clara, CA) 

ptTa-2/3/4 Regulator plasmids encoding tTa, 
used in the Tet-inducible system Clontech 

pUHG10.3 Carrying gene of interest, used in 
the Tet-inducible system 

(Gossen and Bujard, 
1992) 

pmRFP-N1-H2B 
Live cell imaging of H2B-RFP 
(linearised with ApalI for stable 

clone transfection) 
(Dodson et al., 2007) 

pEGFP-C1-ggPlk4 Centrosome amplification induced 
by Plk4 overexpression  (Steere et al., 2011) 

pANMerCreMer Recombine loxP sites to recycle 
resistance cassettes  (Arakawa et al., 2001)  
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 The antibodies (Abs) used during the course of this study for western blot 

immunodetection (IB) and immunofluorescence microscopy (IF) are listed in Table 

2.4 (primary Abs) and Table 2.5 (secondary Abs). 

Table 2.4  Primary antibodies used in this study 

Reactivity/ 
antigen 

Reference 
no. 

Host 
species 

Dilution 
for IB 

Dilutio
n for IF Source 

α-tubulin B512 Mouse 
monoclonal 1:10000 1:2000 Sigma 

Aurora-A 35C1 Mouse 
polyclonal  1:500 Abcam 

(Cambridge, UK) 

Centrin2 Poly 
6288 

Rabbit 
polyclonal 1:1000 1:250 BioLegend 

(San Diego, USA) 

Centrin2 C2 - M.  
Bornens 

Rabbit 
polyclonal 1:1500  (Laoukili et al., 

2000) 

Centrin3 M01 3E6 Mouse 
monoclonal 1:1000 1:1000 Abnova 

(Taipei, Taiwan) 

Centrin3 C3 - M.  
Bornens 

Rabbit 
polyclonal 1:250  (Laoukili et al., 

2000) 

Cep76  Rabbit 
polyclonal  1:200 (Tsang et al., 

2009b) 

Cep135  Mouse 
monoclonal  1:1000 (Ohta et al., 2002) 

Chk1 DCS- 
310 

Mouse 
monoclonal  1:1000 Sigma 

FLAG M2, 
F1804 

Mouse 
monoclonal 1:500 1:500 Sigma 

γ-tubulin GTU88 Mouse 
monoclona  1:150 Sigma 

γ-tubulin sc-7396 Goat 
polyclonal 1:1000 1:150 Santa Cruz 

(Santa Cruz, USA)
Glutamylated 

tubulin GT335 Mouse 
monoclonal  1:300 (Wolff et al., 1992)

c-Myc 9E10 Mouse 
monoclonal 1:2000 1:1000  

Ninein ab4447 Rabbit 
polyclonal  1:100 Abcam 

PCM-1 817 Rabbit 
polyclonal  1:10000 (Dammermann, 

2002) 

Pericentrin ab4448 Rabbit 
polyclonal  1:100 

(*) Abcam 

Phospho-Chk1 
Ser345 2348 Rabbit 

monoclonal 1:500 1:200 Cell Signaling 

Phospho-
histone H3 06-570 Rabbit 

polyclonal  1:500 Millipore 

Survivin WCE 43D Rabbit 
polyclonal  1:300 (Yue et al., 2008) 

Thymine 
dimer 

H3/ 
ab10347 

Mouse 
monoclonal 1:1000  Abcam 

*only a specific batch detected pericentrin in DT40 cells 
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Table 2.5  Secondary antibodies used for this study 

Antibody Conjugation Host 
species 

Dilutio
n for IB

Dilutio
n for IF Source 

Rabbit IgG Rhodamine Red Goat  1:200 Jackson Laboratories 
(Bar Harbor, USA) 

Rabbit IgG FITC (fluorescein 
isothiocyanate) Goat  1:200 Jackson Laboratories 

Rabbit IgG FITC Donkey  1:200 Jackson Laboratories 
Mouse IgG Texas Red Goat  1:200 Jackson Laboratories 
Mouse IgG  FITC Goat  1:200 Jackson Laboratories 
Mouse IgG  FITC Donkey  1:200 Jackson Laboratories 
Goat IgG   Rhodamine Red Donkey  1:200 Jackson Laboratories 

Rabbit IgG  HRP (horseradish 
peroxidase) Goat 1:7500  Invitrogen 

Mouse IgG  HRP Goat 1:10000  Invitrogen 
Goat IgG   HRP Donkey 1:10000  Abcam 

 

2.3  Tissue culture reagents and conditions  

This study was carried out using the chicken DT40 B-lymphocyte cell line. 

DT40 cells are easy to maintain and have a relatively short generation time of 8-10 

hours if kept in culture at 39.5°C with 5% CO2 (Takata et al., 1998). The reagents 

used to culture this cell line were Roswell Park Memorial Institute (RPMI) 1640 

media (Lonza, Basel, Switzerland), fetal bovine serum (FBS) (Lonza) (10%), 

chicken serum (1%) (Sigma) and penincillin-streptomycin antibiotics (1%) (Sigma).  

All sterile plasticware used for cell culture was obtained from Sarstedt 

(Numbrecht, Germany), Corning (Riverfront Plaza, NY), Fisher and Sigma. Unless 

otherwise stated, cell culture reagents were obtained from Sigma. Cell density was 

determined by counting the cells with a haemocytometer (Sigma) as described in the 

manufacturer’s protocol.  

Several antibiotics were used for resistance selection in the generation of 

stable chicken DT40 cell lines. These are listed in Table 2.6 together with the 

working concentrations. 
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Table 2.6  Antibiotics used for selection of stable cell lines 

Name of the drug Final concentration 
Blasticidin 25μg/ml 

Geneticin (Invitrogen) 2mg/ml 
G418 (Invivogen,  
San Diego, USA) 2mg/ml 

Histidinol 1mg/ml 
Hygromycin 2-2.5mg/ml 
Puromycin 0.5μg/ml 

 

The different drugs that were used in this project for pharmacological 

treatment of DT40 cells in different assays are described in Table 2.7. 

Table 2.7  Drugs used in this study  

Drug Concentration Solvent Application Source 

Nocodazole 100μg/ml DMSO 
Reversible activation of 

spindle assembly 
checkpoint  

Sigma 

Hydroxyurea 
(HU) 4mM MiliQ 

H2O 
Induction of centrosome 

amplification Sigma 

Cdk1 Inhibitor IV 
(RO-3306) 6 μM DMSO 

Inhibit Cdk1 and 
induction of centrosome 

amplification 

EMD 
Millipore

 

For the treatment of cells with ionising radiation (IR), a 137Cs source at 

23.5Gy/min was used (Mainance Engineering, Hampshire, UK), while for UV-C 

irradiation, cells were irradiated in PBS using a 254nm UV-C lamp at 23J/m2/min 

(NU-6 lamp; Benda, Wiesloch, Germany). 

2.4  Cell biology techniques 

Except where stated otherwise, DT40 cells were always spun down and 

harvested by a 5 minute centrifugation at 250 g. 
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2.4.1  Chicken DT40 culture maintenance and growth analysis 

To maintain DT40 cells growing exponentially in culture, new cultures were 

started by adding a minimum of 100μl of confluent cells (approximately 105 cells) 

into 10ml of fresh media and cell density was always maintained below 1x106 

cells/ml.  

For freezing and storage, 3x106 confluent cells were centrifuged, the 

supernatant removed and the pellet resuspended in a small volume (250-400µl) of 

FBS supplemented with 10% DMSO. They were then kept at -80ºC for short-term 

storage, or in liquid nitrogen for long-term storage. To wake up the cells, the entire 

contents of one vial were placed into 10ml of warm media.  

For proliferation analysis, cell lines were cultured in triplicate, starting from 

equal cell densities (5x104 cells) using media prewarmed inside the incubator (to 

ensure optimal growth). Cells were then counted at regular intervals (every 24 hours) 

for 96 hours. When approaching confluency (1x106 cells/ml), the cultures were 

diluted to approximately the initial density and the dilution factor was taken into 

account when plotting the cell numbers. 

  

2.4.2  Stable transfections  

Cell electroporation was performed to generate stable cell lines 

overexpressing a cloned gene (cDNA) or with a targeted gene integration. In this 

procedure, 1x107 cells were harvested, washed in PBS and resuspended in 0.5ml of 

PBS. 15-25μg of plasmid DNA were linearised (digested overnight with a specific 

endonuclease), ethanol precipitated (section 2.5.12) and mixed with the cells. The 

cell suspension was then transferred to a Bio-Rad 0.4μm cuvette and was incubated 

on ice for 10 minutes. Subsequently, the cells were submitted to electroporation, at 

300V/600μF or 550V/25μF, using a Gene Pulser apparatus from Bio-Rad (Hemel 

Hempstead, UK) and incubated on ice for 10 more minutes. The cells were 

transferred from the cuvette to a plate containing 20ml of pre-warmed fresh medium 

and returned to the incubator for 16-24 hours. After this period, an equal volume of 

extra medium was added with an appropriate antibiotic for selection (concentrations 

on Table 2.6) and the culture was plated out in 4x 96-well plates where colonies were 

usually visible after 6-10 days. When the colonies were approximately 2mm, the 
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 content of the wells were expanded to 3ml cultures in 12-well plates and further 

incubated for 2-3 days. When confluent, 1.5ml of culture were frozen and 1.5ml used 

to extract proteins or genomic DNA. 

 

2.4.3  Transient transfections  

Transient transfections were generally used for a quick assessment of protein 

expression and were carried out using the Amaxa nucleofection system 

(Gaithersburg, USA) kit T (VCA-1002) as described in the manufacturer’s protocol.  

Briefly, 5μg of endotoxin-free circular plasmid DNA (see 2.5.10 for plasmid 

DNA preparation) was added to 5x106 cells, previously resuspended in 100μl of 

Solution-T (supplied with the kit). This mixture was transferred into an Amaxa 

transfection cuvette and nucleofection was performed using the Amaxa program B-

23. The cells were then pipetted into 5ml of prewarmed media, incubated for 24 

hours and analysed by immunofluorescence microscopy or immunoblotting.  

In order to recycle resistance markers, Cre recombinase was transiently 

expressed in knockout mutants to recombine the loxP sites flanking specific 

resistance cassettes. Transient transfections with the pANMerCreMer plasmid were 

carried out as described above. 24 hours after transfection, cells were diluted to 10 

cells/ml and supplemented with 100nM 4-OH-Tamoxifen to promote the nuclear 

localisation of the Cre recombinase. Cells were then plated in 4x 96-well plates 

(100μl/well = 1 cell/well) without any antibiotic selection. After 6-10 days, when 

colonies were visible, the contents of the wells were expanded to 3ml cultures in 12-

well plates and further incubated for 1-2 days. Each clone was then split into two 

new wells, one with antibiotic selection and the other without. The clones that die in 

selection drug-containing medium lost the corresponding resistance cassette.  

 

2.4.4  Immunofluorescence microscopy  

In this procedure, approximately 5-10x105 cells were spun down, resuspended 

in a small volume (usually 0.2 ml) and allowed to adhere on poly-L-lysine coated 

slides for 15 minutes at room temperature. After the medium was aspirated, cells 

were fixed and permeabilised in 95% methanol with 5mM EGTA (pre-chilled to -

20˚C) for 10 minutes. Alternatively, cells were fixed with 4% paraformaldehyde in 

cytoskeleton buffer (CB) or in PBS for 10 minutes at room temperature and 
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 permeabilized with 0.15% Triton X-100 in CB/PBS for 2 minutes. The slides were 

quickly washed in PBS after each of the previous steps and care was taken to ensure 

that slides did not dry during the rest of the procedure. After fixation and 

permeabilisation, cells were incubated in blocking buffer for 30 minutes at room 

temperature, or overnight at 4°C. Subsequently, the cells were incubated with 

primary antibody (see Table 2.4) diluted in blocking buffer for 1 hour at 37°C. Slides 

were then washed 3 times 5 minutes in PBS and incubated with fluorophore 

conjugated secondary antibody (details on Table 2.5) diluted in blocking buffer for 

45 minutes at 37°C in a dark humid chamber. Afterwards, the slides were washed 

again 3 times in PBS for 5 minutes and mounted in DABCO (anti-fade) 

supplemented with 1µg/ml DAPI. The coverslips were sealed with nail varnish and 

stored at 4°C in the dark.  

Cells were imaged on a DeltaVision integrated microscope system mounted 

on an IX71 microscope (Olympus, Melville, NY) with a PlanApo N100x oil 

objective, (N.A. 1.40) and controlled by SoftWorx software (Applied Precision, 

Issaquah, WA, USA). Images were taken using a camera (CoolSnap HQ2; 

Photometrics) and deconvolved using the ratio method, and maximal intensity 

projections were saved using SoftWorx. Cell counting was performed using a BX51 

microscope (Olympus, Tokyo, Japan), using 60x oil (N.A. 1.4) and 100x oil, (N.A. 

1.35) objectives driven by OpenLab software (version 5, Improvision, Coventry, 

UK).  

 

2.4.5  Live cell imaging 

Cell lines stably expressing human H2B-RFP were incubated for 2-3 hours in 

poly-D-lysine-coated dishes (MatTek, Ashland, MA, USA) to adhere and the media 

was supplemented with 12.5mM HEPES (pH 7.5). The cells were imaged every 3 

minutes during a 3 hours period using the DeltaVision integrated microscope system 

with a PlanApo N60x oil objective (N.A. 1.42) and a 39.5°C environmental chamber 

(WeatherStation, Precision Control, Sammamish, WA, USA). 

 

2.4.6  Microtubule regrowth assays 

DT40 cultures were incubated with 1μg/ml nocodazole for 3 hours and left for 

an additional hour on ice. The cells were then spun down and washed 3 times in ice-
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 cold PBS for 15 minutes. Besides the untreated control, 2 aditional slides were 

prepared for each cell line by allowing 1-2x106 cells to adhere to their poly-L-lysine 

coating for 30 minutes at 4⁰C. One slide was immediately fixed in methanol (as done 

in section 2.4.4) and used as a control for total microtubule depolymerisation while 

the additional slide was submerged in PBS supplemented with 1% FCS for 1 minute 

at 40⁰C to allow microtubule regrowth before methanol fixation. 

Immunofluorescence microscopy (section 2.4.4) with α- and γ-tubulin antibodies was 

then carried out to assess the cell population with microtubule regrowth. 

 

2.4.7  Electron microscopy 

DT40 cells were prepared for transmission electron microscopy using an 

adapted version of the protocol described in (Liptrot and Gull, 1992). All the 

following steps were performed at room temperature and each wash step consisted of 

a 5 minute incubation with 0.1M sodium cacodylate pH 7.2 (SCac) buffer.  

3-8x106 cells were pelleted, washed once and fixed as a pellet with a 

combination of 2% paraformaldehyde and 2% glutaraldehyde in SCac buffer for 1 

hour. The cell pellet was then washed 2 times and postfixed with 2% osmium 

tetroxide in SCac buffer for 1 hour. After 3 washes in SCac buffer, the cell pellet was 

dehydrated through 15 minute incubations in solutions of increased ethanol 

concentration: 30%; 60%; 90% followed by 3 incubations of 30 minutes in 100% 

ethanol. The cell pellet was then treated with propylene oxide for 30 minutes and 

incubated overnight in 1:1 mixture of propylene oxide and Agar low viscosity resin 

(Agar Scientific, Essex, UK). The cell pellet was then embedded in 100% resin for 

24 hours with fresh resin replacements every 3 hours for the first 6 hours and at the 

end of the incubation. After the last resin change, the cell pellet was incubated at 

60°C overnight or for 2 days to allow resin to fully polymerise. Ultra-thin sections 

(~90nm thickness) were cut from the resulting block using a Reichert-Jung Ultracut 

E microtome (Leica, Wetzlar, Germany) and collected onto copper grids. The grids 

were then loaded into a Leica EM AC20 Ultrastainer for staining using a preset 

programme. Briefly, the grids were washed in ddH2O and stained in 0.5% aqueous 

Uranyl Acetate solution for 20 minutes at 20⁰C. After a new ddH2O wash, the grids 

were stained in Lead Citrate solution for 10 minutes at 22⁰C and washed in ddH2O 

again. Upon removing the grids from the ultrastainer, the excess water was removed 
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 carefully with filter paper and the grids were allowed to air-dry before TEM viewing. 

Samples were imaged with an H-7000 Electron Microscope (Hitachi, Maidenhead, 

UK) with an ORCA-HRL camera (Hamamatsu Photonics, Hamamatsu City, Japan) 

and processed using AMT version 6 (AMT Imaging, Danvers, MA, USA). 

 

2.4.8  Flow cytometry  

2.4.8.1  Propidium iodide staining 

For cell cycle distribution profiling, the genomic DNA of cells was stained 

with propidium iodide (PI) and cells analysed by flow cytometry. Briefly, 2x106 cells 

were pelleted and fixed with 70% ice-cold ethanol overnight at 4⁰C. After washing in 

PBS, cells were incubated in 40μg/ml propidium iodide and 200μg/ml RNaseA in 

PBS for 1 hour in the dark. Cells were then analysed using a FACS Canto (Becton 

Dickinson, San Jose, CA) and BD FACS Diva Software (version 6.1.2, Becton 

Dickinson).  

2.4.8.2  BrdU incorporation  

To assess the amount of cells in each cell cycle stage, 5x106 cells were 

cultured with 20µM 5-bromo-2’-deoxydine for 15 minutes and harvested. After 

fixation in 70% ice-cold ethanol overnight at 4⁰C, cells were washed in 1% BSA-

PBS solution, incubated in 2M HCl with 0.5% Triton X-100 for 30 minutes at 37°C 

and washed again. Cells were then incubated with 30% anti-BrdU (BD Biosciences) 

in 1% BSA-PBS solution with 0.5% Triton X-100 for 1 hour with shaking at 37°C. 

After a wash, cells were incubated with fluorescein isothiocyanate-conjugated 

(FITC) anti-mouse antibody (Jackson ImmunoResearch Laboratories) diluted 1:50 in 

1% BSA-PBS solution for 30 minutes at 37°C. Finally cells were resuspended in the 

same PI/RNaseA solution referred in the above paragraph and analysed. 

2.4.8.3  Phospho-histone H3 staining  

For mitotic index quantification by phospho-histone H3, 5x106 cells were 

pelleted and fixed in 70% ice-cold ethanol overnight at 4⁰C. After washing in PBS, 

cells were treated with 0.25% Triton X-100 in PBS for 15 minutes on ice. Following 

a PBS wash, cells were incubated with 1.5% anti-phospho (Ser10) histone H3 

antibody (Millipore) in 1% BSA-PBS solution for 2 hours at room temperature and 

washed again in PBS. Cells were then incubated with FITC anti-rabbit antibody 
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 (Jackson ImmunoResearch Laboratories) at 1:30 in 1% BSA-PBS solution for 30 

minutes at room temperature, washed and then resuspended in PI/RNaseA solution 

as before for analysis. 

2.4.8.4  Annexin V staining  

To quantify apoptosis levels, an Annexin-V-Fluorescein staining kit (Roche) 

was used.  1-2x106 cells were centrifuged and resuspended in 50µl of HEPES 

incubation buffer supplemented with 1μl of Annexin-V-Fluos labelling reagent and 

1μl PI solution (all supplied with kit). After incubating for 10-15 minutes at room 

temperature in the dark, 0.5ml of incubation buffer was added to the cells which 

were then analysed using the flow cytometer. 

 

2.4.9  Clonogenic survival assays 

Clonogenic survival assays were carried out to determine the sensitivity of 

cells to different DNA damaging agents and was performed as previously described 

in (Takata et al., 1998). The methylcellulose medium used to grow the cell colonies 

was composed of 1.5% methylcellulose (dissolved in autoclaved ddH2O while hot), 

1x Dulbecco’s Modified Eagle Medium F-12 (DMEM/F-12) with L-glutamine 

(Gibco, Invitrogen) and filter sterilized, 15% FBS, 1.5% chicken serum, 1% 

penicillin/streptomycin and 50μM ß-mercaptoethanol. Because of the viscosity of the 

media, it was stirred overnight before using. 7ml of methylcellulose media were 

plated per each Y Petri dishes compartment and dishes were placed in the incubator 

to equilibrate for at least 1 hour before plating cells. Cell lines were grown to similar 

cell densities (5-8x105 cells/ml) and then diluted to 1x105 cells/ml.  

2.4.9.1  IR clonogenic survival 

To perform an IR sensitivity clonogenic survival assay, cells were serially 

diluted to 1x104 cells/ml and 1x103 cells/ml. Using these dilutions, different cell 

numbers were plated into the methylcellulose media dishes (see Table A1 in 

Appendix A) before returning these to the incubator. After 1 hour, the dishes were 

exposed to various doses of IR (0; 2; 4; 6; 8Gy) using a 137Cs source and returned to 

the incubator.  
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 2.4.9.2  UV clonogenic survival 

For UV-C clonogenic survival assays, 2.5x106 cells were pelleted,  

resuspended in 0.5ml of PBS and treated with diverse doses of UV-C light (0; 2.5; 5; 

10; 15; 20J/m2). Immediately after irradiation, 2ml of pre-warmed media were added 

to the cells. Serial dilutions of 1x104 cells/ml and 1x103 cells/ml were then prepared 

and cells plated into methylcellulose media dishes (see Table A2 in Appendix A) 

which were then placed back in the incubator. 
 

Each experiment of the clonogenic survival assays was performed in triplicate 

for each cell line and each treatment dose. Colonies were counted 8-12 days after 

plating. Cell survival was expressed as the percentage of plated cells that were viable 

and normalized to the untreated controls. 

2.5  Nucleic acid techniques  

Most of the nucleic acid methodologies were applied in this study are 

described in (Sambrook and Russell, 2001). Centrifuge spins done at top speed 

correspond to ≥16100 g. 

 

2.5.1  Agarose gel electrophoresis  

This method allowed separation and size determination of DNA fragments by 

running them in agarose gels. 0.6-1% agarose gels were prepared in TAE buffer 

supplemented with 0.5µg/ml ethidium bromide and were run in Hoefer HE33 tanks 

(Amersham), in TAE buffer at 60-110V, until the required separation was achieved. 

The DNA fragments in the gels were then visualized using a UV light 

transilluminator and images were captured with the attached digital camera 

(ChemiImager 5500, Alpha Innotech, Medical Supply Company, Dublin, Ireland).  

 

2.5.2  RNA extraction  

4-10ml of confluent cells were pelleted and resuspended in 1ml of TRIzol 

reagent. Using filter tips and DEPC treated reagents, total RNA was extracted after 

cell lysis according to the manufacturer’s instructions. The RNA pellets were air-

dried for 5 minutes, resuspended in DEPC-treated ddH2O by pipetting and incubating 

at 55°C for 10 minutes. The RNA concentration was determined by reading the 
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 260nm absorbance using a Shimadzu spectrophotometer and samples were stored at -

80°C. 

 

2.5.3  Northern blot 

All equipment necessary for this procedure was cleaned with 0.1M NaOH and 

rinsed in DEPC-treated ddH2O to avoid RNase contamination. 10µg RNA samples 

(isolated in section 2.5.2) were supplemented with 50% deionised formamine, 1x 

RNA loading buffer, 20µg/ml ethidium bromide and brought to a final volume of 

25µl with DEPC-treated ddH2O. The samples were then incubated at 80°C for 10 

minutes and cooled for 2 minutes on ice before loading onto an agarose 

electrophoresis gel. The gels consisted of 0.85% agarose in DEPC-treated ddH2O 

supplemented with 1% MOPS and 2.2M formaldehyde (electrophoresis grade). Gel 

electrophoresis was performed at 70V for approximately 4 hours and the gel imaged 

as in section 2.5.1. After washing the gel for 40 minutes in 10x SSC, the RNA was 

transferred to a Hybond-N nylon membrane overnight by upwards capillary transfer 

with 10x SSC buffer. The following day, the RNA was cross-linked to the membrane 

using an UV Cross-linker (300J/cm2) (Hoefer UVC500, GE Healthcare, Bucks, UK). 

Subsequently, the membrane was hybridized as described in section 2.5.8.1. 

 

2.5.4  Reverse transcription polymerase chain reaction 

cDNA synthesis was performed using the Superscript First-Strand Synthesis 

kit for RT-PCR according to the manufacturer’s instructions. The first-strand cDNA 

was synthesised using 1μg of total RNA (extracted in section 2.5.2) and 0.5μg of 

Oligo(dT)12-18 primers. The generated first-strand cDNA was then used as a template 

in PCR reactions (described below) for the amplification of specific gene cDNA. 

 

2.5.5  Polymerase Chain Reaction (PCR)  

PCRs were performed on a TGradient block (Biometra, Göttingen, Germany) 

using Sigma Taq or KOD Hot Start polymerases (if high proofreading activity was 

required). The sequences of all the primers used in this study are shown in Table B1, 

Appendix B. Table 2.8 has examples of the PCR programmes and conditions used. 
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Table 2.8  PCR conditions for Sigma Taq and KOD Hot Start  

Reagent 
Final concentration 

Sigma Taq KOD Hot Start 

PCR buffer 1x 1x 

Mg2+ 1x (2mM) 1.5-2.25mM 

dNTP’s 200μM 200μM 

DMSO 0-3% 0-3% 

Primers 0.25μM 0.4µM 

Template 1-4ng/μl 1-4ng/μl 

Enzyme 0.02U/μl 0.02U/μl 

PCR step 
Temperature and duration 

Sigma Taq KOD Hot Start 
Initial 

denaturation 94°C - 2min 95°C - 2min 

Denaturation 94°C - 1min 95°C - 20sec 

Annealing 60°C * - 30sec 60°C *- 30sec 

Extension 70°C - 30 sec per 
kb  

68/72°C - 30 sec 
per kb 

Final 
extension 70°C - 5min 72°C - 5min 

Cycle No. 30 30 
 

* Different annealing temperatures were used if necessary. 
 

2.5.6  Site-directed mutagenesis 

Complementary forward and reverse primers were designed to contain 

specific sequence modifications surrounded by at least 22bps up- and downstream 

(see primers in Table B1, Appendix B). Typical conditions for site-directed 

mutagenesis PCR with the KOD polymerase are described in Table 2.9. After PCR, 

10 µl of the reaction was subjected to overnight digest with 30U of DpnI for 

degradation of the template plasmid. The PCR and digests were then analysed by 

agarose gel electrophoresis. Subsequently, 1-5µl of the digested PCR reaction were 

transformed into bacteria as described in section 2.5.17. After screening, the plasmid 

DNAs were sequenced as described to confirm the desired mutation and the integrity 

of the coding sequence. 
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Table 2.9  PCR conditions for site-directed mutagenesis  

Reagent Final 
concentration PCR step Temperature 

and duration 

KOD buffer 1x Initial 
denaturation 95°C – 2min 

Mg2+ 1.5mM Denaturation 95°C – 30sec 

dNTP’s 200μM Annealing 56°C* – 20sec 

DMSO 0-3% Extension 70°C – 3min 

Primers 0.4µM Final 
extension 72°C – 5min 

Template 10-20ng/μl   

Enzyme 0.02U/μl Cycle No. 16 
 

* Different annealing temperatures were used if necessary 
(myc-centrin2 is a 4.8kb plasmid). 

 

2.5.7  Genomic DNA extraction 

Genomic DNA was extracted from DT40 cells to amplify genomic regions of 

interest or to screen for gene targeting. 1.5ml of confluent cells were pelleted, 

resuspended in 0.5ml of Tail buffer (supplemented with 0.5mg/ml proteinase K) and 

incubated at 55°C for 3 hours or overnight at 37°C. Subsequently, each sample was 

shaken vigorously for 5 minutes before the addition of 200µl of 6M NaCl. The 

samples were shaken for 5 more minutes and centrifuged at top speed for 10 minutes 

at 4°C. The supernatant of each tube was then transferred to a clean micro-tube and 

an equal volume of isopropanol was added. After mixing by inversion, this mixture 

was centrifuged for 10 minutes at top speed at 4°C to pellet the DNA. The DNA 

pellets were washed with 70% ethanol, air dried and resuspended in 70µl of MilliQ 

H2O. 

 

2.5.8  Southern blotting 

50μl restriction digests (section 2.5.11) were carried out with 35μl of genomic 

DNA, in the presence of RNaseA (0.1mg/ml) and incubated overnight. The samples 

were then run on a 0.7% agarose TAE gel at 100V for 3-4 hours until resolving the 

bands of interest. The gel was then imaged, depurinated in 0.25N HCl for 20 

minutes, incubated in denaturation buffer for 30 minutes and finally soaked in 
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 neutralisation buffer for additional 20 minutes. The DNA fragments were transferred 

to a Hybond-N nylon membrane overnight by upward capillary transfer with 10x 

SSC buffer. Following transfer, the DNA and membrane were UV cross-linked 

(300J/cm2) with the UV Cross-linker, as before.  

2.5.8.1  Hybridisation of Dig labelled probe 

For non-radioactive Southern blot hybridisations, probes were labelled with 

digoxigenin nucleotides using the PCR DIG Probe Synthesis kit. The typical reagent 

concentration and reaction conditions used are shown in Table 2.10. 

Table 2.10  PCR conditions for DIG labelling of Southern blot probes 

Reagent Final 
concentration PCR step Temperature 

and duration 
10X PC buffer with 

MgCl2
 1x Initial 

denaturation 95°C – 2min 

Dig probe synthesis 
mix 

1x  (including 
70μM DIG-
11-dUTP) 

Denaturation 95°C – 30sec 

dNTP’s from kit 200μM Annealing 60°C – 30sec 

Primers 0.4µM Extension 72°C – 40sec 

Template 0.2-2pg/μl Final 
extension 72°C – 5min 

Enzyme provided 0.05U/μl Cycle No. 30 

 

10-15μl of the PCR reaction were added to 50μl of MilliQ H2O and denatured 

at 95°C for 5 minutes. The membrane (prepared in section 2.5.8) was incubated with 

pre-hybridisation buffer according to the manufacturer’s instructions (Roche, 

Mannheim, Germany). The denatured probe was added to the hybridisation 

membrane, which was then incubated further at the appropriate hybridisation 

temperature overnight (Tm was calculated according to manufacturer’s instructions). 

The next day, the membrane was washed twice with low stringency buffer (see Table 

2.1) for 5 minutes at room temperature and 2 times in high stringency buffer for 15 

minutes at 65°C. Subsequently, the membrane was blocked with Roche Blocking 

Solution for 30 minutes at 25°C and incubated in the same buffer supplemented with 

anti-digoxigenin antibody (1:10000) for additional 30 minutes at 25°C. The 

membrane was then washed twice in maleic acid washing buffer for 15 minutes at 

25°C and incubated with Detection Buffer for 2 minutes at 25°C to reach the pH 
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 required for probe detection. Afterwards, the membrane was transferred into a plastic 

pocket and incubated with CSPD substrate for 5 minutes at room temperature. After 

removing the excess liquid, the membrane was sealed and incubated for 10 minutes 

at 37°C to enhance the signal. Ultimately, the membrane was exposed to 

autoradiograph film (Hartenstein, Germany) for 4-24 hours depending on the signal 

strength and then developed (CP 1000, AGFA, Brentford, UK). 

2.5.8.2  Hybridisation of radiolabelled probe 

The Megaprime DNA labelling kit was used to synthesise the radiolabelled 

probe. Briefly, a mixture of random primers and the DNA probe were denatured at 

95°C prior to the addition of dNTPs, radiolabelled α-32P-dCTP and 5U of DNA 

polymerase. This mixture was incubated at 37°C for 30 minutes and purified over a 

spin post-reaction clean-up column (Sigma) to remove unbound nucleotides. The 

radiolabelled probe was denatured at 95°C for 5 minutes while the cross-linked 

membrane was pre-hybridised in Church buffer (see Table 2.1) for 1 hour at 65°C. 

The probe was then allowed to hybridize with the membrane in fresh Church buffer 

overnight at 65°C. In the following day, the membrane was washed 3 times (1x 5 

minutes and 2x 20 minutes) in Church wash buffer at 65°C and exposed overnight to 

autoradiography film at -80°C. 

 

2.5.9  Immunodot-blot analysis  

~2x107 cells were spun down, resuspended in a small volume of PBS (~3ml) 

and irradiated with 3J/m2 UV-C. 2-4x106 cells were harvested at each time point (-; 

0+; 3; 6; 9; 12; 24 hours), washed in PBS and the genomic DNA was extracted using 

the GenElute genomic DNA purification kit according to manufacturer’s 

instructions. DNA samples were quantified using a NanoDrop 2000c 

spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Triplicates of 

250ng DNA from each time point were denatured in 0.3M NaOH (50-100µl) at 60°C 

for 1 hour, cooled on ice and neutralized with an equal volume of 2x SSC buffer. 

Samples were then transferred to a nylon membrane (Hybond-N, GE Healthcare, 

Little Chalfont, UK) using a microfiltration dot-blot apparatus (BioRad #170-6545). 

The membrane was then baked at 80°C for 1 hour, immunoblotted (see section 2.6.4) 

with thymine dimer antibody followed by a HRP-conjugated secondary antibody. 

Signal was acquired using a LAS-3000 Imager (Fujifilm, Tokyo, Japan), quantified 
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 with the MultiGauge v.2.2 (Fujifilm) software and normalized to time 0 after UV-C 

irradiation. 

 

2.5.10  Plasmid DNA preparation  

Plasmid DNA was prepared using the GeneEluteTM plasmid MiniPrep kit (for 

subcloning), MidiPrep kit (to prepare a higher amount of plasmid for various uses, 

mainly transfections) and the Endotoxin-free MidiPrep kit (if used in transient 

transfections). In these procedures, plasmid DNA was always isolated according to 

the manufacturer’s instructions. For plasmid MiniPrep extraction, 2ml cultures of E. 

coli were grown overnight in the presence of selective antibiotics (referred in section 

2.2), at 37°C with shaking. For MidiPrep plasmid preparations, 100ml of E. coli 

cultures were used. The resulting plasmid DNA was eluted/resuspended in MilliQ 

H2O, quantified using a NanoDrop 2000c spectrophotometer and stored at -20°C. 

 

2.5.11  Enzymatic reactions  

All restriction enzymes used for DNA digestion were supplied by NEB and 

reactions were performed at the optimal conditions stated in the supplier’s catalogue. 

Typically, 200-400ng of DNA were digested for plasmid DNA screening and 0.5-

2µg of DNA were used to prepare restriction fragments for ligation. Incubation times 

ranged from 2-16 hours, depending on the type (plasmid or genomic) and amount of 

DNA being digested. When appropriate, the enzymes were heat inactivated using the 

recommended conditions. 

 

2.5.12  DNA purification or precipitation  

For DNA extraction, bands of interest were excised from the gels using a 

clean scalpel blade and placed in 2ml microtubes. DNA was then extracted using the 

Qiagen Qiaquick gel extraction kit according to the manufacturer’s instructions and 

eluted with 20μl of warm MilliQ H2O or TE buffer (~50-70°C). Linearised plasmid 

DNA was precipitated before transfections by adding 1/10 volume of 3M NaOAc, 

pH 5.2 and 1 volume of isopropanol. The sample was then mixed and the DNA 

pelleted at top speed for 10 minutes. The pellet was washed with 70% ethanol and 

pelleted again. After removing the ethanol and letting the pellet air dry, the DNA was 

resuspended 30μl of MilliQ H2O.  
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2.5.13  Generation of blunt DNA ends 

When DNA fragments with overhangs were used for blunt ligations, 5’ and/or 

3’ overhangs were blunted using the DNA polymerase I Large (Klenow) Fragment. 

This enzyme has both 5’ 3’ polymerase activity (fill-in of 3’ overhangs) and 3’ 5’ 

exonuclease activity (removal of 5’ overhangs) (Sambrook et al., 1989). The reaction 

was carried out in the presence of any restriction enzyme buffer supplemented with 

BSA (0.1mg/ml) and dNTPs (0.033mM). 1U of enzyme was used per µg of DNA 

and the reaction incubated at 25°C for 15 minutes or 37°C for 30 minutes and then 

heat inactivated at 75°C for 20 minutes. 

 

2.5.14  Dephosphorylation of DNA 5’ ends  

The linearised DNA vector was treated with shrimp alkaline phosphatase 

(SAP) in order to dephosphorylate the DNAs 5’ ends, reducing its self-ligating 

potential. SAP is fully active with any restriction enzyme buffer or with the supplied 

SAP buffer. 1U was added per reaction which was incubated at 37°C for 1-2 hours.  

 

2.5.15  Sticky or blunt end ligations  

Before DNA ligations, Sigma clean-up columns were used according to the 

recommended protocol to purify plasmid DNA fragments after Klenow or SAP 

treatments and between sequential restriction digestions to remove buffer salts and 

enzymes. The vector and insert fragment concentrations were compared by agarose 

gel electrophoresis and ratios between 1:2 and 1:10 were used. The ligations were 

performed in the smallest volume possible (usually 10µl) using 200-400U of T4 

DNA ligase supplemented with the buffer provided. Ligation reactions were 

incubated for 1-4 hours at 25°C or overnight at 16°C. Control ligations were 

performed with either vector or insert alone to quantify the number of background 

colonies. 
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2.5.16  Preparation of competent Escherichia coli cells  

The E.coli Top10 strain was used for general subcloning and has the 

following genotype: F- mcrA∆(mrr-hsdRNS-mcrBC) φ80lacZ∆M15 ∆lacX74deoR 

recA1 araD139 ∆(ara-leu)7697 galU galK rpsL(StrR) endA1 nup. To prepare 

chemically competent  E. coli, a 5ml culture was grown overnight and diluted 1:50 in 

400ml of SOB (in a 2L Erlenmeyer rinsed thoroughly with ddH2O to remove any 

detergent residues). After growth of approximately 2 hours at 37°C (to an OD600 of 

0.35-0.4), the cells were placed on ice for 5 minutes. In order to make highly 

efficient competent cells all the following steps were carried out in a cold room with 

all material and solutions chilled to 4°C prior to use. E. coli cells were pelleted by 

centrifugation at 3000 g for 15 minutes at 4°C. After decanting the supernatant, the 

cells were resuspended in 0.1M CaCl2 (50ml per 100ml of culture) and incubated on 

ice for 30 minutes.  Subsequently the cells were pelleted (as before), resuspended 

gently in 0.1M CaCl2 supplemented with 15% glycerol (10ml per 100ml of culture), 

divided in 100μl aliquots, transferred to dry ice and stored at -80°C. To determine the 

competency, the new competent cells were transformed (section 2.5.17) with 10pg or 

10ng of plasmid DNA and different fractions of the cells were plated (e.g.: 1:2; 

1:50). The number of colonies was scored and used to determine the number of 

colony forming units (cfu) per µg of DNA used in the transformation. Good 

chemically competent cells should have an efficiency ranging from 106-108 cfu/µg of 

plasmid DNA. 

 

2.5.17  Escherichia coli transformation   

50µl of chemically competent bacterial cells were thawed on ice prior to the 

addition of half ligation mixture or ~50ng of a plasmid DNA. After mixing the cells 

were incubated on ice for 20 minutes, heat shocked at 42°C for 90 seconds and 

finally placed on ice for 2 minutes to recover. 1ml of LB broth was added to the 

mixture and the cells incubated with gentle shaking for 1 hour at 37°C. Following 

this, the cells were spun down at 6000 g for 1 minute and resuspended in a small 

volume to spread on LB broth agar plates containing the appropriate antibiotic 

selection (mentioned in section 2.2) and incubated overnight at 37°C. Colonies were 
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 picked and grown overnight in LB broth cultures with antibiotic at 37°C with 

agitation and used for plasmid DNA preparation in the next day (section 2.5.10).  

 

2.5.18  Subcloning cDNAs into expression vectors 

For cDNA cloning, RNA was extracted from DT40 cells and reverse 

transcription was performed followed by PCR with KOD Hot Start. The amplified 

cDNAs were cloned into pGEM-T Easy, sequenced and subcloned into an expression 

vector. Table 2.11 describes all the different cDNAs cloned during this project and 

their respective destination vectors. 

Table 2.11  Expression constructs cloned through this study    

cDNA Enzyme digests for 
subcloning Expression vector Enzymes for 

linearisation 

Cetn4 EcoRI-BamHI pEGFP-C1 ApaLI 
EcoRI-EcoRI pCMV-3Tag-2C  ApaLI 

Cetn2 BglII-BamHI into BglII pEGFP-C1 ApaLI 
BglII-BamHI into BamHI pCMV-3Tag-2A ApaLI 

Cetn3 EcoRI-BamHI pEGFP-C1 ApaLI 
EcoRI-EcoRI pCMV-3Tag-2C ApaLI 

LOC422304 StuI-SalI into 
EcoRV-SalI pCMV-3Tag-2B ApaLI 

cXPC 
NheI-SpeI into  

NheI-NheI pN-SF-TAP MluI 

EcoRI-EcoRI pEGFP-C1 ApaLI 
cPOC5 NheI-EcoRI pEGFP-N1 ApaLI 

 

2.5.19  Generation of Cetn4/2/3 targeting vectors 

To target all Cetn loci, 3 sets of targeting vectors were generated using 

resistance cassettes flanked by a 5’ genomic sequence upstream of the start codons 

from the different loci and a 3’ genomic sequence downstream of the stop codons for 

Cetn4 and Cetn 2 or downstream of the first 3 exons of Cetn3 (as shown in Figure 

3.10 in section 3.3.1). To generate these vectors, we amplified genomic sequences 

for the Cetn homology arms by PCR (section 2.5.5) with KOD Hot Start. The primer 

sets used are listed in Table B1, Appendix B. The amplified fragments were then 

cloned into pGEM-T Easy following the manufacturer’s instructions and then 

sequenced.   
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 For the assembly of the targeting vectors for Cetn4, a fragment containing the 

5’arm was excised using NdeI (blunted) plus SacII digests and then cloned upstream 

of the 3’arm in pGEM-T Easy after AatII (blunted) and SacII digests. Histidinol and 

blasticidin resistance cassettes were then inserted using partial BamHI digests. PvuI 

and SalI digests (correspondingly) were used for linearisation of the completed 

targeting vectors before transfection.  

For the construction of Cetn2 targeting vectors, a 5’arm insert was cloned into 

pBluescript II SK using NotI and BamHI digests, followed by a fragment containing 

the 3’arm using BamHI and SalI digests. LoxP-puromycin, loxP-blasticidin 

(Arakawa et al., 2001) and hygromycin resistance cassettes were then inserted using 

BamHI digests. NotI digests were used for linearisation of the completed targeting 

vectors. 

To build the targeting vectors for Cetn3 the 5’arm was cloned upstream of the 

3’arm in pGEM-T Easy using SpeI and BamHI digests. LoxP-puromycin and loxP-

neomycin resistance cassettes were cloned into the BamHI site and MluI digests used 

for linearisation. 

2.6  Protein techniques 

2.6.1  Protein sample preparation 

To prepare whole cell extracts, cells were centrifuged, washed in PBS and 

pelleted again. After removing the PBS wash, pellets were resuspended in a small 

volume of RIPA (lysis) buffer (60µl per 3x106 cells) and incubated on ice for 1 hour, 

vortexing every 15-20 minutes. The lysed cells were then centrifuged at top speed for 

5 minutes at 4°C and the supernatant containing solubilised proteins transferred to 

new tubes. The extracts were quantified by Bradford assay as follows: 1µl of protein 

extract was added to a 1:1 dilution of Bradford protein assay reagent in plastic 

cuvettes and mixed. The absorbance of each sample was determined at 595nm using 

a spectrophotometer (Eppendorf, Hamburg, Germany) and the protein concentration 

determined using a BSA standard curve (y = 0.253x + 0.014). 

  

2.6.2  SDS-PAGE  

Generally 40-100µg of protein supplemented with 3x sample buffer 

containing 10% β-mercaptoethanol were loaded per well next to a prestained broad 
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 range protein marker determine their molecular weight. Before loading, samples 

were boiled at 95°C for 5 minutes to denature the proteins and spun in a 

microcentrifuge. Different SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel 

electrophoresis) gels were used to separate protein samples depending on the size of 

the target proteins (composition in Table 2.12). Gels were run at 100-150V during 90 

to 150 minutes in running buffer using the Hoefer mini VE equipment.  

Table 2.12  Examples of SDS-polyacrylamide gels used for proteins with high and low 
molecular weights   

 Running gel Stacking gel 
30% Acrylamide mix (37.5:1) 8-10% 12-15% 5% 

Tris-HCl pH 8.8 /6.8 375mM 375mM 125mM 
Sodium dodecyl sulfate (SDS) 0.1% 0.1% 0.1% 
Ammonium persulfate (APS) 0.1% 0.1% 0.1% 
Tetramethylethylenediamine 

(TEMED) 0.04% 0.04% 0.1% 

 

2.6.3  Semi-dry and wet transfers 

After separation by polyacrylamide gel electrophoresis, proteins were 

transferred to a nitrocellulose membrane (GE Healthcare, Bucks, UK) using a semi-

dry transfer unit (Hoefer TE 77 from GE Healthcare, Bucks, UK) or a wet transfer 

unit (BioRad Trans-Blot Cell from Hercules, CA). In this procedure, the SDS-PAGE 

gel was placed on an appropriately-sized nitrocellulose membrane between 4 or 2 

sheets of Whatman paper, all previously soaked in transfer buffer. These were 

positioned between the plates of the transfer apparatus with the membrane closest to 

the cathode. The semi-dry transfer was carried out for 1 hour and 15 minutes at 

amperage that depended on the size of the gel (area of the gel x 0.8 = XX mA), while 

wet transfers were performed in the cold room for 1-2 hours at 350mA.   

 

2.6.4  Western blot (Immunoblotting) 

After transfer, the membrane was washed in ddH2O and then soaked in 

Ponceau S. solution for 5 minutes with gentle rocking to assess transfer efficiency. 

An image was taken as reference for transfer quality and protein loading control. The 

stain was then removed by washing 5 minutes in PBS and the membrane was 

incubated with 5% milk in PBS/0.05% Tween-20 solution for 30 minutes at room 

temperature on a rocking platform. After blocking, the membrane was incubated with 
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 a primary antibody in 1% milk PBS-Tween solution overnight at 4°C with gentle 

rolling. After three 5 minute washes in PBS-Tween, the membrane was incubated 

with a HRP-conjugated secondary antibody in 1% milk PBS-Tween solution for 45 

minutes at room temperature with rocking. The membrane was washed again in PBS-

Tween 3 times and once in PBS. The ECL detection kit (Amersham) was used 

according to the manufacturer’s instructions: briefly, the membrane was covered 

with a 1:1 mix of the ECL solutions and incubated for 1 minute followed by 

autoradiograph film exposure and development. 

2.7  Computer programmes 

Immunofluorescence microscopy images were saved as Adobe Photoshop CS 

version 8.0 files and combined using Adobe Ilustrator CS3 (Adobe Systems, 

Mountain View, CA, USA). 

DNA subcloning and plasmid maps were designed with the pDRAW32 

software (Acaclone, www.acaclone.com). DNA sequence files were viewed using 

Chromas software (version 2.31, Digital River GmbH, Shannon, Ireland).  

GraphPad Prism 5 (La Jolla, USA) was used to performed statistical analysis. 

The following databases and programmes were used for bioinformatics:  

- NCBI gene database (http://www.ncbi.nlm.nih.gov/gene/); 

- Ensembl chicken database (http://www.ensembl.org/Gallus_gallus/ 

Info/Index); 

- ESTs database (expressed sequence tags) (http://www.ncbi.nlm.nih.gov/ 

dbEST/); 

- Blast (http://www.ncbi.nlm.nih.gov/BLAST); 

- ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). 
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Chapter 3.   Characterisation and ablation of the centrin 

family in vertebrates  

3.1  Introduction 

Centrins are small (20kDa) calcium binding proteins normally found 

associated with basal bodies and centrosomes in a wide range of eukaryotes 

(Salisbury et al., 1984; Salisbury 2007). Although centrins were shown to be 

essential for accurate spindle pole body/basal body duplication in lower organisms 

(Baum et al., 1986; Stemm-Wolf, Morgan et al. 2005; Ruiz et al., 2005), their role in 

centrosome duplication in higher cells is less clear (Salisbury et al., 2002; Kleylein-

Sohn et al., 2007; Mikule et al., 2007; Yang et al., 2010). 

While centrins are enriched at the centrosome, this only accounts for a 

fraction of the total cellular centrin population (Paoletti et al., 1996). Centrin2 can be 

SUMOylated and migrate to the cell nucleus (Klein and Nigg, 2009) where it has 

been shown to interact with the XPC-HRAD23B complex, an interaction necessary 

for its stability and function in nucleotide excision repair (NER) (Araki et al., 2001; 

Nishi et al., 2005; Popescu et al., 2003). Additionaly, centrins have been reported to 

be involved in protein degradation by proteasome activity (Chen and Madura, 2008) 

and in mRNA and protein export by an association with the vertebrate nuclear pore 

complex (Fischer et al., 2004; Resendes et al., 2008).   

In order to further investigate the cellular functions of centrins in vertebrate 

cells, we decided to perform a reverse genetic study using the hyper-recombinogenic 

chicken DT40 model (Buerstedde and Takeda, 1991). In this initial phase of the 

study we aimed to genetically ablate all centrin isoforms expressed in the DT40 cell 

line. To achieve this, we first identified and characterized chicken centrin isoforms 

using the available databases and different sequence comparison tools. With this 

information we were able to map the genomic loci of centrins and clone their 

cDNAs. We then designed targeting strategies to disrupt individually and 

sequentially the three centrin genes present in chicken cells: Cetn4; Cetn2 and Cetn3. 

In this chapter we report the successful deletion of all expressed centrin genes 

and demonstrate that centrins are not essential for cell survival in DT40 cells. 
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3.2  Characterisation of the centrin family in DT40 cells  

3.2.1  Analysis of the Cetn loci in chicken 

  To find the orthologues of the various human centrin isoforms in chicken, we 

first searched the chicken NCBI and Ensembl databases. This analysis revealed the 

presence of three Centrin loci and a partial centrin-like sequence in chicken cells. We 

compared the genomic loci of these genes with their human equivalents, analysing 

their exonic structure and synteny (results synthesised in Table 3.1).  

We found that the Cetn3 locus in chicken comprises a 5 exon structure that is 

similar to, and syntenic with, the human CETN3 locus. The only inconsistency 

observed was an additional start codon present in the chicken centrin3 prediction, 

located 129bps upstream of the ATG conserved within human CETN3. This 

prediction results in 43 extra amino-acid residues at the N-terminus of the chicken 

centrin3 protein. 

The predicted chicken Cetn1 is perfectly syntenic with mammalian Cetn4, 

which suggests an incorrect classification in the database. Furthermore, this chicken 

centrin gene is encoded by a locus similar to the mouse Cetn4 (a pseudogene in 

human). Both these loci have a 5 exon structure, in contrast to human CETN1 and its 

homologues in other mammals, which are encoded by a single exon and thus are 

suggested to have originated by retroposition (Hart et al., 1999). All these 

observations indicate that this locus in chicken encodes Cetn4 rather than Cetn1. 

Therefore, from now on we will refer to this gene as Cetn4.  

We also found that the chicken Cetn2 gene has a 5’ region syntenic with 

human CETN2 and that both have similar loci with the same exonic structure. 

However, there is a discontinuity downstream of the chicken Cetn2 locus also 

observed in the genome of zebra finch. In this non-conserved region adjacent to the 

chicken Cetn2 locus, we found a partial centrin-like sequence (LOC422304) that 

appears to have originated from an incomplete duplication of Cetn2. Even though the 

genome of zebra finch has the same interruption downstream of the Cetn2 locus, the 

LOC422304 is not present in this or any other region of its genome, suggesting that 

LOC422304 is present uniquely in chicken.     
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Using the different BLAST resources we searched for possible transcripts in 

the chromosome 2 region of the chicken genome that is otherwise completely 

syntenic with the region of the human chromosome 18 that contains the single exon 

CETN1 gene. Despite all the different analyses, we were unable to find any centrin 

coding sequence in this region or in the rest of its genome. Moreover, we analysed 

the equivalent genomic region of zebra finch and again no centrin coding sequences 

were detected. These observations suggest that the retroposition that generated 

CETN1 took place after the bird-mammal split that occurred 310 million years ago 

(Reisz and Muller, 2004). 

 

3.2.2  Centrin expression in DT40 and in normal chicken cells  

Next we analysed the transcriptome and expressed sequence tag (EST) 

databases to find if the predicted centrin variants are expressed in chicken cells and 

importantly, to confirm if the coding sequences were annotated correctly. Table 3.2 

shows ESTs cloned from different chicken tissues and their homology to the 

predictions from the NCBI database.  

Table 3.2  Analysis of the available chicken ESTs with homology to the predicted 
transcripts from Centrins 

Chicken 
transcripts EST reference Tissue origin Coverage (%) Identities (%) 

Cetn2 
(XM_420280.2) 

BU333973.1 whole embryo 100 100 
CO773530.1 testis 100 100 
BU367554 brain 100 100 

Cetn3 
(XM_424696.2) 

DR412875.1 embryonic gonad 97 96 
BU104459.1 whole embryo 85 99 
CN236082.1 testis 86 99 

Cetn4 
(XM_420622.2) 

BU105199.1 whole embryo 100 99 
BU128166.1 limbs 100 100 
BU432606.1 cartilage 100 99 

 

The predicted exonic structure of LOC422304 and the alignment with 

available chicken ESTs that code for this gene are shown in Figure 3.1.   
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Figure 3.1  Analysis of LOC422304 transcripts.  
The transcripts from LOC422304 are shown to scale with exons indicated as boxes. The source 
reference for each transcript sequence is indicated on the right. Start and stop codons in the same 
reading frame have the same colour. The longest ORF is common to all the ESTs available. 
 

The transcripts encoded by Cetn2 and Cetn3 had the largest set of available 

ESTs (>20) while Cetn4 and LOC422304 transcripts had much fewer (5 and 4 

respectively). Both transcripts of Cetn2 and Cetn4 had 100% EST coverage which 

supports their sequence prediction. Cetn3 transcript had EST coverage between 97% 

and 85% which is compatible with the possibility that 2 different splice variants 

originate due to the alternative start upstream of the conserved start codon mentioned 

above. The LOC422304 transcript was found in the chicken EST database; however, 

the predicted 5’ end sequence appears to be incorrect. All the available ESTs have 

different start positions to what was predicted and include several short open reading 

frames (ORFs) which could indicate a pseudogene. Even the longest possible ORF 

common to all ESTs encoded by LOC422304 predicts a protein that lacks the 

characteristic N-terminus region of centrins, together with part of the first EF hand 

motif.   

Subsequently, we designed primers to amplify the transcripts of all three 

centrins and the centrin-like coding sequence, taking in consideration the information 

from the EST comparisons. To confirm the expression of these loci in DT40 and 

analyse tissue specific restrictions, we extracted total RNA from DT40 and normal, 

non-transformed chicken liver cells to perform RT-PCR (in section 2.5.4). The 

cDNA amplification results are shown in Figure 3.2. 
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Figure 3.2  RT-PCR analyses of Cetn transcripts in wild-type DT40 and non-transformed 
chicken liver cells.  
RT-PCR amplification was performed using RNA extracted from chicken liver and DT40 cells with 
sets of primers for the full length cDNAs of each Cetn isoform. RT-PCR was also carried out with 
primers for β-actin as control for cDNA quality. 

 
The RT-PCR results show that all three Cetn loci are expressed in DT40 cells 

and in chicken liver, suggesting no tissue-restricted expression such as described for 

human CETN1, thus supporting our previous nomenclature correction of chicken 

Cetn1 to Cetn4. The similar expression results obtained with non-transformed 

chicken liver cells preclude the possibility of non-restricted expression being a result 

of any particular deregulation in the transformed DT40 cells. We also detected a very 

weak band resulting from the amplification of LOC422304 transcript by RT-PCR 

(data not shown) when using EST-based primers but not with primers designed for 

the NCBI prediction. All four amplified sequences were cloned into pGEM-T-easy 

and sequenced. We confirmed that all sequences match the previously analysed ESTs 

and the predictions of the NCBI database. The only exception was the cloned 

sequence of the LOC422304 transcript which only corresponded to the ESTs referred 

to in Figure 3.1, as expected (for cDNA sequence see Appendix C).    

Using Cetn4 and Cetn2 cDNAs as probes, we performed Northern blot 

analysis (section 2.5.3) to detect the expression of their transcripts in wild-type DT40 

cells and search for the expression any other centrin2 related genes. As the homology 

between Cetn4 and Cetn2 cDNAs is relatively high (75%) and the GC content is 

similar (39/44% respectively), the Northern blots were done together using the same 

conditions (final blots shown in Figure 3.3). 
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Figure 3.3  Northern blot analysis of Cetn4/2 related transcripts in wild-type DT40 cells. 
Northern blots hybridized with full length centrin cDNA probes cloned from transcripts of Cetn4 (A) 
and Cetn2 (B). Gel electrophoresis of ribosomal RNA was used as control for loading and RNA 
degradation.   

 

The predicted sizes for the Cetn4 and Cetn2 transcripts are 2.1kb and 1.3kb 

respectively. As shown in Figure 3.3, transcripts with similar size to their prediction 

in the database were detected for both Cetn4 and Cetn2. Each Cetn cDNA probe only 

detected its corresponding transcript and no other centrin-like transcripts were found. 

These data further supports our previous analysis in terms of detecting all expressed 

centrin genes in chicken DT40 cells. Also, in agreement with the number of ESTs 

available, the transcript from Cetn4 appears to be much less abundant than that from 

Cetn2, suggesting that Cetn2 has a higher expression profile.  

 

3.2.3  Conservation of chicken centrins  

Using the ClustalW2 tool, we determined the level of conservation and 

homology among the different chicken centrins and compared them with their 

orthologues in other species. As shown in Figure 3.4, centrin isoforms are highly 

conserved between chicken and human cells. 

 

 

 

 

 

 

 

1.9kb

2.6kb

Cetn2
transcript

1.4kb

Ribosomal
RNA

Cetn4
transcript

Ribosomal
RNA

Wild-type Wild-type
A B



 

 
65 

 

Chapter 3.   Characterisation and ablation of the centrin family in vertebrates 
  

 

Figure 3.4  Comparison between centrin proteins present in distinct eukaryotic organisms.  
The level of conservation is measured by the % of identical residues found in the analysed sequences. 
The referred values do not account for N or C-terminus extensions present in some centrin isoforms. 
The proteins used for this comparison and their NCBI Protein database accession number are as 
follows: Homo sapiens (human): HsCetn1-NP_004057.1, HsCetn2-NP_004335.1, HsCetn3-
NP_004356.2; Mus musculus (mouse): MmCetn4-NP_665824.1; Gallus gallus (chicken): GgCetn2-
XP_420280.1, GgCetn3-XP_424696.2, GgCetn4-XP_420622.2; Drosophila melanogaster (fruit fly): 
DmCenB-NP_001036396.1; Caenorhabditis elegans (worm): CeCen-NP_498986; Tetrahymena 
thermophila (ciliate protozoa): TtCen1-XP_001019292, TtCen2-XP_001470770; Arabidopsis 
thaliana (small flowering plant): AtCen2-NP_190605.1; Chlamydomonas reinhardtii (unicellular 
green algae): CrVfl2-XP_001699499.1; Saccharomyces cerevisiae (budding yeast): ScCdc31-
CAA99479. 

 

After analysing the homology values presented in Figure 3.4, we confirmed 

that both chicken centrin2/4 shared very high homology with human centrin2 

(88/84%) and to a lesser extent with human centrin1 (84/81%), mouse centrin4 

(69/74%) and the green algae centrin (68/71%). We also verified that chicken 

centrin3 is extremely well conserved with human centrin3 (94%) and to a lower 

extent with Cen2 from the ciliate protozoa Tetrahymena (60%) and Cdc31p in yeast 

(54%).  
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In addition, we found that Cen2 from Arabidopsis has more homology to 

human centrins than Caenorhabditis Cen. This was quite surprising, since nematodes 

have centrosomes but higher plants lack them. Even though Caenorhabditis 

centriolar structure is very divergent from human, the conservation of centrin in 

plants suggests that its preservation throughout evolution may be assured by non-

centrosomal functions.       

  

3.2.4  Localisation of centrins in chicken cells 

We used immunofluorescence microscopy (see section 2.4.4) to verify the 
centrosomal localisation of chicken centrins in DT40 cells. Due to the high degree of 
conservation, we tested the ability of two commercial antibodies raised against 
human centrin2 or centrin3 to detect chicken centrins (see Table 2.4 in section 2.2). 

We used γ-tubulin, a key component of the centrosome, to validate centrosomal 
localisation and DAPI to stain DNA. An example of two mitotic cells, stained with 
the different centrin antibodies is shown in Figure 3.5. 

  

 

Figure 3.5  Immunofluorescence microscopy of wild-type DT40 cells with commercial centrin 
antibodies. 
Cells were stained with antibodies against centrin2 (poly6288) or centrin3 (3E6) (green) and with γ-
tubulin (red) as a reference marker. Cells were also stained with DAPI to visualise the DNA (blue). 
Scale bar corresponds to 5 µm.  

 

As shown in Figure 3.5, both antibodies detected proteins that co-localised 

with γ-tubulin and showed centriolar localisation (2 sets of 2 spots in the mitotic 
cells), in agreement with the typical human centrin staining (Paoletti et al., 1996). 
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3.2.5  Overexpression of GFP/myc tagged centrin isoforms 

Green fluorescent protein (GFP)-tagged centrin has been widely used to 
monitor the activity of centrosome and study its duplication process in live cells 
(Higginbotham et al., 2004; Kuriyama et al., 2007; La Terra et al., 2005; Piel et al., 
2000; White et al., 2000). To analyse the localisation of chicken centrins in live cells, 
we subcloned all three centrin cDNAs (from pGEM-T Easy) into pEGFP-C1 vectors 
(section 2.5.18). This yielded three individual expression constructs of N-terminal 
GFP-tagged centrins, which we then separately transfected into wild-type DT40 cells 
(see section 2.4.2). After isolating several clones, protein extracts were prepared to 
analyse the various centrin isoforms by western blot (in section 2.6.4) using 
commercial centrin antibodies. The predicted sizes of the chicken centrin4/2/3 
proteins are approximately 20/20/24kDa, while the predictions for GFP-centrin4/2/3 
fusions are 48/47/52 kDa, respectively. Centrin western blots containing protein 
samples of human cells, DT40 cells and DT40 clones stably expressing each one of 
the three GFP-centrin fusion proteins are shown in Figure 3.6.   

 

Figure 3.6.  Immunoblot of human, DT40 and DT40 cells stably expressing GFP-centrin4/2/3 
fusion proteins. 
The antibodies used for these analyses are indicated. γ-tubulin was used as a loading control. 

 
Western blot analyses show that both centrin2 and centrin3 antibodies are able 

to recognise single bands in human and DT40 cells: centrin2 at 20kDa and centrin3 

at slightly higher than 20kDa (Figure 3.6). When blotting for DT40 extracts from 

cells overexpressing centrin4 or centrin2 GFP fusions, the centrin2 antibody 

recognized a band of approximately 45kDa. On the other hand, the centrin3 antibody 

only detected the GFP-centrin3 overexpression product, which appeared at 
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 approximately 50kDa. These results show that the centrin2 (6288) antibody cross-

reacts with both chicken centrin2 and centrin4 but not with centrin3, whereas the 

antibody raised against human centrin3 (3E6) specifically detects chicken centrin3.  

In addition, considering the migration patterns, the endogenous chicken 

centrin3 appears to have the same molecular weight of its human homologue which 

is 167aa long. Although we cloned and expressed a 210aa form of chicken centrin3, 

it is possible that the main form produced in chicken starts translation from the 

second ATG codon, which aligns with the start codon from the human centrin3 

isoform, and thus also produces a 167aa protein.      

We then set out to investigate the cellular localisation of the different GFP-

centrin fusion proteins. In our first observations upon clone screening, we detected 

GFP foci in all cells with similar intensity between them. However, we noticed that 

extra GFP-centrin spots (>4) were present in approximately 30% of the cells. This 

phenomenon was observed in all tested clones expressing any one of the three 

different centrin fusion proteins. To determine if these extra spots corresponded to 

extra centrosomes, we stained cells for immunofluorescence with γ-tubulin to 

analyse the centrosome number and centrin antibodies to monitor the endogenous, 

non-overexpressed centrin isoforms (Figure 3.7). We found that not all GFP-centrin 

spots co-localised with γ-tubulin (Figure 3.7A) or other centrosomal components 

tested (data not shown). We also analysed one of these clones by TEM and we did 

not detect any centrosomal abnormality or excessive number (data not shown). 

However, using isoform-specific centrin antibodies (demonstrated in section 3.3.3), 

we noticed that endogenous, non-overexpressed centrin isoforms always co-localised 

with the over-expressed centrin fusion protein (Figure 3.7B). This suggested that 

these extra centrin spots were only protein aggregates, rather than real centrosomes 

and that this phenomenon occurred due to the high overexpression levels or 

structural problems caused by the GFP tag (such as protein misfolding).  
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Figure 3.7  Immunofluorescence microscopy of wild-type DT40 cells stably expressing the 
different GFP-centrin4/2/3 fusion proteins.  
Cells were stained with DAPI (blue) and incubated with antibodies against γ-tubulin (A) or centrin3/ 
centrin2 (B) (all shown in red). Scale bar corresponds to 5 µm. 
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Since the myc tag is a high-quality affinity tag commonly used to purify 

proteins or to identify interactors (Kramer et al., 1997), we had also planned to 

generate 3x myc-centrin recombinant proteins for biochemical analysis. In order to 

express myc-centrin fusion proteins, we subcloned the different chicken Cetn cDNAs 

into the pCMV-3Tag-2 plasmid and then used these constructs to transfect wild-type 

cells. Surprisingly, when screening by immunofluorescence, we did not detect any 

extra centrin aggregates in clones expressing myc-centrin fusion proteins. Examples 

of interphase and mitotic cells from positive clones, stained with γ-tubulin and myc 

antibodies, are shown in Figure 3.8. 

 

Figure 3.8  Immunofluorescence microscopy of wild-type DT40 cells stably expressing the 
different myc-centrin4/2/3 fusion proteins.  
Cells were stained with antibodies against myc (green) with γ-tubulin (red) as a reference marker. 
DAPI was used to visualise the DNA (blue) and scale bar corresponds to 5 µm. 

 

As shown in Figure 3.8, the overexpression of each of the three myc-centrin 

fusion proteins resulted in the typical centrin localisation. Interestingly, this 

distribution did not seem to be affected by high or low expression levels. These 

results show that the myc tagging of centrins does not alter their centrosomal 

recruitment and suggested that myc-centrin fusions retain functionality. For those 
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 reasons, we used these constructs in the following chapters to rescue any phenotypes 

resulting from centrin-deficiency.   

 

3.2.6  Analysis of the predicted LOC422304 product 

As we were able to clone the LOC422304 transcript and confirm the presence 
of premature stop codons in the initial short open reading frames (ORFs), we 
subcloned the longest ORF that coded for the putative partial centrin-like protein into 
the pCMV-3Tag-2 plasmid. To analyse its behaviour in DT40 cells, we transiently 
expressed this myc-tagged transcript (method in section 2.4.3) in both wild-type and 
centrin-deficient cells (described in section 3.3.2). 24 hours after transfection, we 
performed immunofluorescence microscopy with an anti-myc antibody to monitor 

myc-LOC422304p localisation and with γ-tubulin antibody to detect the centrosomes 
and analyse their number. Figure 3.9 contains examples of myc-LOC422304p 
overexpression in wild-type and centrin-deficient cells. 

 

Figure 3.9  Immunofluorescence microscopy analysis of wild-type and Cetn-deficient cells 
expressing myc-LOC422304p. Cells were stained with antibodies against myc (green) with γ-tubulin 
(red) as a reference marker. Cells were counter-stained with DAPI to visualise the DNA (blue). Scale 
bar corresponds to 5 µm. 
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We found that myc-LOC422304p was able to localise to centrosomes in wild-

type cells but was not specifically enriched at the centrosomes of centrin-deficient 

cells. This demonstrates that the localisation of LOC422304p to centrosomes is 

dependent on the endogenous centrins. This dependency may relate to the earlier 

observations of endogenous centrins being recruited to the ectopic centrin aggregates 

present away from the centrosomes. The inability to autonomously target the 

centrosome together with the very low expression level, the presence of short ORFs 

and the significant N-terminus truncation lead us to conclude that LOC422304 does 

not encode a functional centrin.  

3.3  Disruption of Cetn4, Cetn2 and Cetn3 loci  

3.3.1  Generation of Cetn4/2/3 single knockouts 

 

We next set out to elucidate the cellular functions of centrins by targeting all 

genes coding for centrin isoforms that we found and characterized in the beginning 

of this study. As described previously, there are three functional centrin genes 

expressed in DT40 cells. All three centrin genes, Cetn4; Cetn2 and Cetn3, have 5 

exons and spread over 3.3kb, 3.7kb and 16.5kb respectively. Targeting strategies 

were designed to delete the entire coding regions of Cetn4 and Cetn2, and all but the 

last two exons of Cetn3. Diagrams of these strategies are shown in Figure 3.10. 
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Figure 3.10  Gene targeting strategies for all Cetn loci in DT40 cells.  
Maps of the chicken Centrin loci: Cetn4 (A), Cetn2 (B) and Cetn3 (C). In these schematics, exons are 
coloured in dark blue and the respective strategy for gene targeting illustrating the homology arms in 
light blue. The predicted fragment size for Southern blot analysis using the probes is also indicated in 
green. 

 

When assembling the targeting vectors (in section 2.5.19), probes were cloned 

from genomic DNA and sequenced to use in Southern blot hybridisation (section 

2.5.8). These probes were tested in blots with various digested samples of wild-type 

genomic DNA to verify the expected high specificity (distinct detection of the target 

locus) and ‘cleanliness’ (low background). The probes with the best results were 

chosen for the screening of targeted clones. These are shown in Figure 3.11, together 

with the expected sizes for the wild-type genomic DNA digests. 
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Figure 3.11  Analysis of Cetn loci by Southern blot using specific genomic probes.  
The enzymes used in the restriction digests of wild-type genomic DNA are indicated on the top of 
each blot corresponding to: Cetn4 (A), Cetn2 (B) and Cetn3 (C). The expected fragment size for each 
restriction digest of wild-type genomic DNA is shown at the bottom of each lane. The black arrows 
point at the weaker bands in the blots. The probes tested in this figure were used to screen for the 
targeted disruption of Cetn genes.  
 

After probe testing, the targeting vectors of the different centrin genes were 

used to transfect DT40 wild-type cells by electroporation (as described in section 

2.4.2). Resistant clones were isolated and their genomic DNA was extracted and 

digested using the restriction enzymes referred in Figure 3.10. The clones were then 

screened by Southern blot using the probes tested. Once validated by Southern blot, 

heterozygous clones were transfected for a second time for the targeting of the 

remaining allele. Our expectation was that the complete loss of centrin would be 

lethal, so we targeted the different Centrin genes independently first. Figure 3.12 

shows the successful targeting of Cetn4, 2 and 3 by Southern blot analysis and the 

targeting efficiencies of each allele of these genes. 
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Figure 3.12  Southern blot analysis and targeting efficiencies of the Cetn4/2/3 loci in wild-type 
DT40 cells.  
Southern blot examples of mutant clones heterozygous and homozygous for each Cetn locus: Cetn4 
(A), Cetn2 (C) and Cetn3 (E). The genomic DNA samples were digested with the restriction enzymes 
shown in the diagrams of Figure 3.10. The targeting efficiencies for the loci of Cetn4 (B), Cetn2 (D) 
and Cetn3 (F) in wild-type cells using vectors with different resistance cassettes are also shown. WT 
refers to wild-type allele while KO refers to targeted allele. Note that Cetn3 is on the single copy Z 
chromosome of chicken. 

 

To confirm that we successfully generated Cetn4, Cetn2 and Cetn3 single 

knockout cell lines, we isolated total mRNA from these cells and performed RT-PCR 

with the sets of primers used to clone the full length in section 3.2.2. The results of 

the RT-PCR reactions are shown in Figure 3.13. 

 

Figure 3.13  RT-PCR analyses of Cetn transcripts after targeting each Cetn locus.  
RT-PCR amplification was performed using RNA extracted from two clones of each genotype and 
wild-type cells: Cetn4 (A), Cetn2 (B) and Cetn3 (C). A RT-PCR control for cDNA quality was 
carried out with primers for β-actin.  
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As shown in these RT-PCRs, the full length Cetn mRNAs are detectable in 

the wild-type cells, but not in the knockout clones analysed, confirming the loss of 

expression from the disrupted Cetn loci. 

 

3.3.2  Generation of Cetn4/2 double and Cetn4/2/3 triple knockouts 

Since the chicken Cetn4 gene encodes a centrin2-like protein, we aimed to 

disrupt both Cetn4 and Cetn2 together to generate double knockout mutants and 

define the role of centrin2 in centrosome duplication and genome stability. Seeing 

that Cetn2 targeting had higher efficiency than the Cetn4 locus (by comparing the 

Tables in Figure 3.12), we decided to disrupt Cetn2 in the Cetn4-/- background. A 

Cetn4 knockout clone generated and confirmed in the previous section was subjected 

to two rounds of transfection with the Cetn2 targeting vectors. Again, resistant clones 

were isolated and screened by Southern blot. Although deletion of both Cetn4 and 

Cetn2 was expected to be challenging, the double null mutant was successfully 

generated. Figure 3.14 shows the successful targeting of Cetn2 in Cetn4-/- cells and 

the targeting efficiencies for each allele of Cetn2 in these cells.  
 

 
Figure 3.14  Southern blot analysis and targeting efficiencies for the Cetn2 locus in Cetn4-/- cells.  
A. Southern blot example of Cetn4-/- clones heterozygous and homozygous for the Cetn2 locus.  
B. Targeting efficiencies for the locus of Cetn2 in Cetn4-/- cells using vectors with different resistance 
cassettes. WT refers to wild-type allele while KO refers to targeted allele.  

 

Once again, the absence of transcripts from Cetn2 and 4 were validated by 

RT-PCR (shown in Figure 3.15).  

 
Figure 3.15  RT-PCR analyses of Cetn transcripts after targeting Cetn4 and Cetn2 in the same 
background.  
RT-PCR amplification was also performed using primers for β-actin as control for cDNA quality. 
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Since the double mutants were viable and proliferating well, we progressed to 

ablate the only other centrin isoform left, centrin3. In order to maintain an available 

resistance marker for transgenic expression or epistatic analysis with other genes, we 

decided to “recycle” the puromycin resistance. In order to achieve this, Cre 

recombinase was transiently expressed in Cetn4/2-deficient cells to recombine the 

loxP sites flanking the puromycin resistance and therefore excising it (see section 

2.4.3). After subcloning and isolation, 236 clones were screened for resistance to this 

antibiotic. Only 2 clones (0.85%) were sensitive to the puromycin concentration that 

is normally used for transfection, suggesting that the resistance cassette had been 

lost. One of these puromycin-sensitive cell lines was then used for transfection with 

Cetn3 targeting vectors. After selection, isolated clones were screened by Southern 

blot and as shown in Figure 3.16, the disruption of Cetn3 in Cetn4/2-deficient cells 

was successful.  

 

 

Figure 3.16  Southern blot analysis and targeting efficiencies for the Cetn3 locus in Cetn4-/- 
/Cetn2-/- cells.  
A. Southern blot example of the targeting of Cetn3 in the Cetn4-/-/Cetn2-/- background. Note that 
Cetn3 is on the single copy Z chromosome of chicken.  B. Targeting efficiencies for the locus of 
Cetn3 in Cetn4-/-/Cetn2-/- cells using vectors with different resistance cassettes. WT refers to wild-type 
allele while KO refers to targeted allele.  

 

Surprisingly, the disruption of all three centrin genes was compatible with cell 

viability in DT40 cells. To validate the genomic deletions at the mRNA level, the 

newly generated cell lines were analysed by RT-PCR (gel shown in Figure 3.17), 

using primer sets for all centrin isoforms as before. 
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Figure 3.17  RT-PCR analyses of Cetn transcripts after targeting all Cetn loci in the same cell 
line.  
RT-PCR reactions were performed using RNA extracted from cells with the indicated genotype. RT-
PCR was also carried out with primers for β-actin as control for cDNA quality. 

 

As shown in Figure 3.17, no Cetn transcripts are detectable in Cetn4-/-/Cetn2-/-

Cetn3- cells, thus verifying the disruption and loss of expression of all Cetn genes in 

DT40 cells. 

 

3.3.3  Validation of centrin-deficient cells at the protein level 

To confirm the exclusion of all the centrin isoforms present in chicken, 

protein samples were extracted from the various centrin-deficient mutants and 

western blots performed with four different centrin antibodies (see Table 2.4 in 

section 2.2). Two of them are able to detect centrin1/2/4 in various species and the 

remaining two specifically recognize centrin3. The results of the different blots are 

shown in Figure 3.18.  

        

Figure 3.18  Immunoblots of centrin in knockout cells of the indicated genotype.  
Antibodies used for these analyses are indicated. α-tubulin detection served as loading control. WT 
refers to wild-type cells, while the numbers represent the genotype of Cetn knockout mutants.  
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No bands were detected by any of the four different centrin antibodies on the 

extracts from Cetn4/2/3-deficient cells suggesting that no other isoforms are 

expressed in these cells. In addition, we found that the antibodies tested are able to 

recognise the different centrin isoforms expressed in chicken cells. Both centrin2 

antibodies (6288/C2) were able to detect centrin2 and centrin4 while centrin3 

antibodies (3E6/C3) strictly recognized centrin3. 

Next, we performed immunofluorescence microscopy with the commercial 

centrin2, centrin3 and γ-tubulin antibodies to further investigate the presence of 

centrin isoforms and a glance at the centrosome status (Figure 3.19). 

Our analysis revealed an apparently normal γ-tubulin staining, hinting the 

presence of MTOCs. In agreement with the previous results, both anti-centrin2 and 

anti-centrin3 antibodies validated the absence of all centrin isoforms in Cetn4/2/3-

deficient cells. It is also noteworthy that the centrin antibodies (6288/3E6) used for 

immunofluorescence microscopy were able to recognise the same isoforms 

previously detected by western blot.  

Taken together, the analysis of the genomic loci, mRNA transcripts, protein 

levels by immunoblot and immunofluorescence confirm that we successfully 

generated centrin-deficient DT40 cells and strengthen the idea that no other isoforms 

are expressed in chicken. 
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Figure 3.19  Immunofluorescence microscopy of wild-type and centrin-deficient DT40 cells 
using centrin antibodies.  
Cells were stained with antibodies against centrin2 (poly6288) (A) or centrin3 (3E6) (B), using γ-
tubulin as a reference marker for the centrosome. Cells were also stained with DAPI to visualise the 
DNA (blue). Scale bar corresponds to 5 µm. 
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3.4  Discussion 

3.4.1  Characterisation of the centrin protein family in DT40 cells 

The major focus of this project is the functions of vertebrate centrins in the 

maintenance of genome stability and centrosome homeostasis. In this chapter we 

undertook an extensive bioinformatic analysis to describe in detail the genomic loci 

of chicken Cetns and define the encoded transcripts. This analysis also demonstrated 

that centrin genes/proteins are highly conserved throughout evolution. 

We found four potential Cetn loci in chickens: two strongly conserved genes 

clearly corresponding to human CETN2 and CETN3 homologues (Cetn2 and Cetn3), 

a Cetn4 gene annotated as Cetn1 but due to its exonic structure and synteny was 

considered a homologue of the mammalian Cetn4, and an incomplete duplication of 

Cetn2 found in the locus of LOC422304. Using available ESTs we found that this 

gene contains short ORFs upstream of the ORF partially coding of a centrin-like 

protein, lacking the N-terminus along with part of the first EF-hand motif. No 

homologue of human CETN1 was found in chicken or zebra finch which suggests 

that the retroposition event that originated Cetn1 was exclusive to mammals.   

Subsequently, we successfully cloned the cDNAs encoded by Cetn4, Cetn2 

and Cetn3, and validated their sequence by the NCBI predictions and EST sequences 

available. We also showed that these genes have no tissue-restricted expression 

typical of mammalian Cetn1 and Cetn4 (Hart et al., 1999; Gavet et al., 2003) by 

analysing mRNA extracted from chicken liver cells.  

We found that anti-centrin antibodies raised against the human proteins can 

detect the different centrin isoforms expressed in chicken by either immunoblot or 

immunofluorescence microscopy. Additionally, the overexpression of GFP-centrin 

fusion proteins revealed that the ectopic expression of chicken centrins leads to the 

formation of non-centrosomal aggregates capable of binding different endogenous 

isoforms of centrin. This phenomenon might be promoted by the known tendency of 

centrins for self-aggregation (Tourbez et al., 2004; Yang et al., 2006). Previous 

studies in lower and higher eukaryotes had shown that the overexpression of GFP-

centrin can result in basal body or centrosomal disorders and in the formation of 

extra non-centrosomal clumps of centrin that do not co-localise with γ-tubulin or 
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 other centrosomal markers (Koblenz et al., 2003; Ruiz et al., 2005; Yang et al., 

2010). Although, extensive screening for low expression clones and prior validation 

of the centriolar localisation can sometimes prevent this predicament, it did not 

suppress the extra aggregates in DT40 cells. In the following experiments, we were 

surprised to find that the overexpression of myc-tagged centrins driven by the 

pCMV-3Tag-2 plasmid results in the enrichment of myc-centrin strictly at the 

centrioles without formation of aggregates. Given the common promoter (CMV), the 

possible cause for this disparity may relate to effects of the GFP tag on centrin 

folding. 

We also cloned the low-level expressed, incorrectly predicted, LOC422304 

transcript, using the EST sequences available as reference. The localisation of this 

gene product to the centrosomes of DT40 cells was exclusively dependent on the 

presence of endogenous centrin. One can speculate that this dependency agrees with 

the previous observations that the ectopically expressed centrins aggregate with 

endogenous isoforms. Given that the product of this gene has 65% homology to three 

quarters of the centrin2 protein, it is possible that its localisation to the centrosomes 

is solely driven by its interaction/polymerisation with the endogenous centrin 

isoforms. Finally, as LOC422304 appears to be a pseudogene and no protein signal 

was detected in Cetn4/2/3-deficient DT40 cells using four different centrin 

antibodies, we concluded that this gene does not encode an expressed functional 

centrin. 

 

3.4.2  Disruption of Cetn4, 2 and 3 loci 

The information collected from the bioinformatic analysis of the genomic loci 

of chicken Cetns and their alignment with the cloned cDNAs sequence, allowed us to 

design and generate targeting constructs to ablate all the different centrin isoforms 

expressed in chicken. 

Through cell electroporation with specific targeting vectors, we successfully 

disrupted all the exons of Cetn4 and Cetn2 genes, and all but the last two exons of 

Cetn3. Since no effect was detected in cell proliferation we proceeded to sequentially 

generate Cetn4/2 and Cetn4/2/3-deficient cells. Unexpectedly, the targeting 

efficiency values for the sequential disruption of Cetn2 and Cetn3 genes in cells with 

Cetn4 null background were of the same magnitude of the values obtained when 



 

 
83 

 

 
 targeting the wild-type background. These results suggest that the cumulative 

disruption of centrins did not have a synergistic effect on cell survival.   

Previous studies in lower eukaryotes and human cells have reported that 

centrins are required to centrosome duplication and consequently for cell viability 

(Baum et al., 1986; Stemm-Wolf et al., 2005; Salisbury et al., 2002; Mikule et al., 

2007). The effective ablation of all expressed centrins in DT40 cells shows that life 

can be compatible with the absence of centrins in eukaryotic cells. However, since 

cell viability does not preclude abnormal proliferation and the virally infected DT40 

cells have a deficient cell cycle control due to p53 down-regulation (Takao et al., 

1999), it was of great importance to perform a detailed study on cell growth and cell 

cycle progression in centrin-deficient DT40 cells. In addition, because centrins are a 

core component of the centrioles, it was also necessary to carefully analyse their 

composition, structure and duplication cycle. These and other analyses were 

performed in the following chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
84 

 

Chapter 4.  Proliferation and centrosomal analysis of centrin-deficient DT40 cells 
  

Chapter 4.  Proliferation and centrosomal analysis of 

centrin-deficient DT40 cells 

4.1  Introduction 

It has been shown that centrins are required for the replication and/or 

functions of structures analogous to the centrosome in lower eukaryotes. The 

disruption of centrin in yeast results in an early inhibition of spindle pole body 

duplication along with cell cycle arrest, whereas its deletion or depletion in ciliated, 

unicellular eukaryotes leads to defects in basal body orientation, segregation and 

cilia/flagella formation (Baum et al. 1986; Paoletti et al. 2003; Koblenz et al., 2003; 

Selvapandiyan et al. 2004; Ruiz et al. 2005; Stemm-Wolf et al. 2005; Shi et al., 

2008). In most cases, the outcome of these phenotypes is the failure of basal body 

duplication, often accompanied by the loss of stability and integrity of these 

structures (Stemm-Wolf et al. 2005; Vonderfecht et al., 2011). 

In contrast to the strong evidence for a role of centrins in basal/spindle pole 

body duplication, the data on vertebrate cells are inconsistent and the functions of 

centrins at the centrosome remain unclear. Some groups have reported that in human 

or vertebrate cells, centrin2 is necessary for centrosome biogenesis, cell cycle 

progression and ciliogenesis, while centrin3 is required for centrosome maturation 

and microtubule anchorage/organisation (Salisbury et al., 2002; Mikule et al., 2007, 

Delaval et al., 2011; Dammermann and Merdes, 2002). However, other studies have 

shown that centrin2 depletion does not impede procentriole biogenesis or the 

recruitment of SAS-6, an early assembly factor, but slightly delays CP110 

incorporation (Strnad et al., 2007; Yang et al., 2010). In addition, the depletion of 

both centrin2 and 3 in human cells did not prevent Plk4-induced procentriole 

biogenesis, which took place with normal kinetics and recruited the typical key 

centrosome duplication components (Kleylein-Sohn et al., 2007). 

With the purpose of clarifying the roles of centrins in vertebrate cells, we 

assessed the proliferative properties of the centrin-deficient cells generated in the 

previous chapter and performed a detailed analysis of their centrosomes. We also 

carried out a comprehensive analysis of cell division in the absence of centrins and 
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 studied the impact of transient overexpression of cPOC5 in centrin-deficient/ 

mutated cell lines. 

In this chapter we show that the ablation of centrins has no detectable effect 

on cell cycle progression and that centrin-deficient cells are capable of duplicating 

their centrosomes in what appears to be the canonical, templated pathway. We did 

not detect any difference from controls in the composition or ultrastructure of 

centrin-deficient centrosomes and we found that cells divide normally in the absence 

of centrins. However, we also found that the transient overexpresion of cPOC5 

induces the assembly of defined, linear structures that resemble primary cilia in wild-

type DT40 cells but not in the absence of centrins. In addition, we noted that the 

calcium binding ability of centrin2 is required for its normal centrosomal localisation 

and the formation of cPOC5-induced structures.  

4.2  Proliferative properties of centrin-deficient cells  

Several studies in both lower and higher eukaryotes have reported a cell cycle 

arrest and a strong decrease in viability upon deletion or depletion of centrins. Since 

centrin-deficient DT40 cells were viable, we decided to characterize their 

proliferative capacity. First, to monitor cell growth, we measured cell density every 

24 hours for a period of 96 hours (section 2.4.1). A plot with the growth curve of all 

centrin knockout mutants versus wild-type cells is presented in Figure 4.1, followed 

by their doubling times in Table 4.1. 

 

Figure 4.1  Cetn-deficient DT40 cells are viable but have a small proliferation defect.  
Growth curve analysis of cells of the indicated genotype. Data points show mean of at least 3 separate 
experiments + SD. 
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Table 4.1  Average doubling times of the different Cetn-targeted DT40 cell lines 

Cetn genotype 
Doubling time 
(h.min ± min) 

Delay 
(%) 

Wild-type 7.42 ±28 0 

Cetn4-/- 8.30 ±21 10.2 

Cetn2-/- 8.06 ±23 5.2 
Cetn4-/-/2-/- 8.42 ±22 12.4 

Cetn3- 8.48 ±20 14.6 
Cetn4-/-/2-/-/3- 9.18 ±13 21.3 

 

As shown in Figure 4.1 and Table 1, cells deficient in any centrin genes 

proliferated more slowly than wild-type cells, with the Cetn4/2/3 triple knockout 

mutant proliferating the slowest.    

 

In view of these results, we set out to study the distribution of the cell 

population in the different phases of the cell cycle and investigate specific cell cycle 

delays in exponentially growing cells. This was performed using flow cytometry 

analysis of PI (for DNA content), annexin V (for apoptotic cells) and BrdU 

incorporation (for replication and cell cycle profile). The histograms of PI staining, 

the fraction of annexin V positive cells, and the cell cycle distribution using PI 

staining and BrdU incorporation are displayed in Figure 4.2. 
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Figure 4.2  Cell cycle distribution analysis of centrin-deficient DT40 cells by flow cytometry.  
A.  FACS PI plots of asynchronous cell populations of the indicated genotype.   
B. FACS PI/BrdU plots of cell cycle distribution of asynchronous cells of the indicated genotype. The 
G1 (lower left), S (top) and G2/M (lower right) gates are indicated and the numbers refer to the 
percentage of cells detected in each of the gates averaged from 2 separate experiments. 
C. Percentage of annexin V positive cells in asynchronous cell populations of the indicated genotype. 
Values refer to the average of 3 separate experiments + SD. Statistical analysis was performed using 
Kruskal-Wallis test (non parametric test comparable to a one-way ANOVA, unpaired) and Dunn's 
multiple comparison test. Relevant statistical results are indicated on the histogram as: ns = p> 0.05 
and ** = p ≤ 0.01. 
 

FACS analyses of PI and BrdU incorporation revealed a similar distribution 

of DNA content and comparable number of cells in G1, S and G2+M phases of cell 

cycle. Even though no specific or pronounced cell cycle delay is observed, there is an 

increase in the apoptotic cell fraction, especially in the absence of centrin4 or all 3 

isoforms. 
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Taken all together, the growth kinetics and the flow cytometry data suggest 

that centrin functions are not necessary for cell cycle progression or cell 

proliferation. However, the loss of centrins results in a moderate increase of 

apoptosis (2x to 3x). 

4.3  Detailed analysis of the centrosomes in centrin-deficient mutants 

To study the impact of centrin deficiency at the centrosomes, we took 

advantage of antibodies that recognise known centrosomal components and the 

information available about their behaviour and functions at these organelles. We 

also carefully examined the centrosomal ultrastructure in these cells using 

transmission electron microscopy (TEM).    

 

4.3.1  Centrin deficiency has no detectable impact on centrosome 

composition 

The centrosome is composed of hundreds of proteins, each contributing to 

different centrosomal functions and/or different steps of the centrosome duplication 

cycle. The proteins that constitute the pericentriolar matrix serve as a platform for 

centrosome assembly and microtubule nucleation (Bettencourt-Dias and Glover, 

2007). We decided to analyse the integrity of the pericentriolar material in Centrin-

deficient cells by imaging its major components: PCM-1, pericentrin and γ-tubulin. 

As shown in Figure 4.3, all PCM components have comparable distribution and 

intensity between wild-type cells and the different centrin mutants.  
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Figure 4.3  Centrin-deficient centrosomes have robust pericentriolar material.  
Immunofluorescence microscopy analysis of wild-type and the indicated Cetn-targeted DT40 cells 
stained with antibodies to the indicated centrosome component (green): PCM1 (A) and Pericentrin 
(B). γ-tubulin (red) was used as a reference marker for the centrosomes. Cells were counter-stained 
with DAPI to visualise the DNA (blue) prior to imaging. Scale bar, 5 µm. 
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We then investigated centriole biogenesis and cohesion during interphase by 

analysing the distribution/localisation of the early centrosomal scaffold protein 

Cep135, the centriolar protein Cep76, which is known to be involved in the control 

of centrosome duplication, and glutamylated tubulin, a marker for microtubule 

stability at the centrioles (Bobinnec et al., 1998; Ohta et al., 2002; Tsang et al., 

2009a; Wolff et al., 1992). Figure 4.4 shows representative micrographs of Cep135, 

Cep76 and glutamylated tubulin in cells during interphase and mitosis, co-stained 

with the γ-tubulin antibody.   
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Figure 4.4  Centrin-deficient centrosomes recruit centrosome duplication factors and have 
stabilized centriolar microtubules. 
Immunofluorescence microscopy analysis of wild-type and the indicated Cetn-targeted DT40 cells 
stained with antibodies to the indicated centrosome component (green): Cep135 (A), Cep76 (B) and 
glutamylated tubulin (C). γ-tubulin (red) was used as a reference marker for the centrosomes. Cells 
were counter-stained with DAPI to visualise the DNA (blue) prior to imaging. Scale bar, 5 µm. 
Blowups of the centrioles (3x) are shown when staining for Cep76 or glutamylated tubulin.  
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Next, we analysed the status of centrosome maturation and licensing for 

mitotic entry by monitoring the recruitment of ninein and Aurora-A. Known as a 

maturation marker, ninein is recruited to the subdistal appendages where it plays an 

important role in microtubule nucleation and anchoring (Azimzadeh and Bornens, 

2007). The centrosomal enrichment of the pericentriolar protein Aurora-A in G2 and 

mitosis is required for the maturation and separation of centrosomes and has been 

shown to promote microtubule nucleation (Barr and Gergely, 2007). Representative 

examples of wild-type and centrin-deficient cells stained with antibodies against 

ninein and Aurora-A are shown in Figure 4.5 and appear to have comparable 

distribution and intensity. 
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Figure 4.5  Centrin-deficient centrosomes mature and separate at the entry in mitosis.  
Immunofluorescence microscopy analysis of wild-type and the indicated Cetn-targeted DT40 cells 
stained with antibodies to the indicated centrosome component (green): Ninein (A), and Aurora-A 
(B). γ-tubulin (red) was used as a reference marker for the centrosomes. Cells were counter-stained 
with DAPI to visualise the DNA (blue) prior to imaging. Scale bar, 5 µm. Blowups of the centrioles 
(3x) are shown when staining for Ninein. 
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Overall, we saw no impact of centrin disruption on the different centrosomal 

components imaged in both interphase and mitotic cells. These observations suggest 

that centrin-deficient DT40 cells have robust pericentriolar matrices, can recruit key 

duplication/maturation factors to assembling centrosomes and stabilize centriolar 

microtubules at least by glutamylation of tubulin. Therefore, we concluded that 

centrins are dispensable for the integrity and composition of the centrosome.  

 

4.3.2  Centrin-deficient cells have normal centrosome numbers and are 

capable of efficient Plk4-induced centrosome amplification 

As the first study of centrin2 depletion in human cells (Salisbury et al., 2002) 

reported an essential role for centrin2 in centriole biogenesis, we carefully 

determined the number of centrosomes in asynchronous populations of wild-type and 

centrin knockout cells. This was accomplished by scoring the number of γ-tubulin 

spots per cell while co-staining with glutamylated tubulin for centriole detection. The 

results are shown in Figure 4.6.  

 

Figure 4.6  Centrin-deficient cells have normal centrosome numbers.  
Histogram of the centrosome number distribution and frequency in asynchronous populations. The 
values show the average of 6 separate experiments + SD. At least 300 cells were counted per 
experiment. Statistical analysis was performed using the two-way ANOVA test (parametric, multi-
comparison test). No statistical difference was found. 
 

Consistent with the cell cycle distribution results by flow cytometry, no 

significant difference was found in the ratio of centrosomes per cell within 

asynchronous populations of wild-type and centrin-deficient cells. The analysis of 

glutamylated tubulin staining confirmed the presence of a pair of centrioles per each 
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 γ-tubulin spot scored. These results suggest that centrosome duplication is not 

inhibited or significantly delayed in centrin-deficient cells. 

Plk4 overexpression in human cells leads to the overproduction of 

centrosomes by inducing the nucleation of multiple procentrioles from single mature 

centrioles (Kleylein-Sohn et al., 2007). It was previously reported that the depletion 

of centrin2 and 3 by siRNA did not prevent the occurrence of Plk4-induced 

centrosome amplification. However, since centrins are known to be abundant 

proteins, the authors could not exclude the possibility that residual levels of these 

proteins could be sufficient to sustain centriole assembly (Kleylein-Sohn et al., 

2007). In order to test if Plk4 overexpression in chicken cells can induce centriole 

overproduction in the absence of all centrin isoforms, we transiently transfected 

centrin-deficient cells with the chicken homologue of Plk4, tagged with GFP (cloned 

by Loretta Breslin in our laboratory (Steere et al., 2011)). 24 hours after transfection 

cells were harvested for immunofluorescence microscopy and examined using 

glutamylated tubulin or γ-tubulin to analyse the number of centrioles/centrosomes. 

Figure 4.7 contains representative examples of mitotic cells after overexpressing 

GFP-Plk4. 

 

 

Figure 4.7  Efficient Plk4-induced procentriole formation in centrin-deficient cells. 
Immunofluorescence microscopy analysis of wild-type and centrin-deficient cells expressing GFP-
Plk4 (green). γ-tubulin staining (red) was used to detect centrosomes. Cells were counter-stained with 
DAPI to visualise the DNA (blue) prior to imaging. Scale bar, 5 µm.  

 

When analysing cells positive for GFP, we detected GFP-Plk4 co-localising 

with γ-tubulin at the centrosomes of both wild-type and centrin-deficient cells. 
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 Comparable fractions of these cell populations were scored as having supernumerary 

centrioles: 30% of wild-type cells vs. 33% of centrin-deficient cells (n≥400).  

 

These results strengthen the idea that centrins are dispensable for centriole 

biogenesis and are in concordance with what had been previously reported in human 

cells (Kleylein-Sohn et al., 2007).  

 

4.3.3  Centrosome ultrastructure is apparently normal in the absence of all 3 

centrin isoforms 

The ultrastructure of a centrosome is remarkable. It includes two barrel 

shaped centrioles made up of nine parallel microtubule triples surrounded by 

pericentriolar material (PCM), a proteinaceous matrix (Nigg and Stearns, 2011). A 

schematic diagram of the typical ultrastructure of a duplicating centrosome is shown 

in Figure 4.8. 

 

Figure 4.8  Schematic representation of the ultrastructure of a S phase centrosome. Adapted 
from (Uzbekov and Prigent, 2007). 

 

To investigate the consequences of centrin ablation on the centrosomal 

ultrastructure, we performed TEM on centrin-deficient cells from asynchronous 

populations and recorded the diameter of their centrioles. Representative TEM 

micrographs are shown in Figure 4.9 together with a graphical presentation of the 

average centriole diameter in centrin-deficient cells. 
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Figure 4.9  Centrin-deficient centrosomes have apparently normal ultra-structures.  
A.  Transmission electron micrographs of centrosomes in cells of the indicated genotype.  
B. Transmission electron micrographs illustrating different hallmarks of the centrosome duplication 
cycle in wild-type and centrin-deficient cells (the cartwheel structure; orthogonal nucleation of a 
procentriole; duplication after mother disengagement and before centrosome separation). Scale bars, 
100 nm.  
C. Histogram with the average centriole diameter in cells of the indicated genotype. At least 16 
centrioles from asynchronous cell populations were measured per experiment and error bars 
correspond to + SD. Statistical analysis was performed using the one-way ANOVA test (parametric 
test, unpaired) and Tukey's multiple comparison test. The centriole diameter is not significantly 
different between centrin knockout lines and wild-type cells.  

 

The electron micrographs revealed that all centrin knockout mutants have 

apparently normal centriole ultrastructure, always composed of nine sets of 

microtubule triplets organized in the characteristic nine-fold symmetry with the usual 
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 diameter. Furthermore, centrin-deficient cells are capable of assembling the 

cartwheel structure and their centrioles are frequently found in pairs, orthogonally 

arranged to each other. Overall, these observations suggest that centrin-deficient 

cells, like wild-type cells, duplicate their centrosomes using template centrioles to 

assemble the cartwheel structure and orthogonally nucleate procentrioles. In addition, 

centrioles can be seen in groups of four, suggesting that centriole disengagement 

precedes centrosome separation, as has been described for the canonical process of 

centrosome duplication (Nigg and Stearns, 2011).  

Centrosome maturation takes place during G2 and is characterized by an 

expansion of the pericentriolar matrix and an increase in the microtubule nucleation 

potential. In addition, the older centriole forms subdistal and distal appendages which 

are important for microtubule anchoring and primary cilia assembly, respectively. 

We also searched for centriolar appendages in centrin-deficient cells by TEM to 

confirm if their centrosomes are able to mature and become capable of anchoring 

microtubules (Figure 4.10). 
 

 

Figure 4.10  Subdistal and distal appendages can assemble in the absence of centrins.  
Transmission electron micrographs of centrosomes with distal and/or subdistal appendages from wild-
type and Cetn-targeted cells. The different examples shown for each cell line are not completely 
equivalent but comparable. The roman numbers I-IV are used as coordinates to refer to specific 
micrographs in the text. Scale bars, 100nm.  
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As shown in the TEM micrographs in Figure 4.10, centrin deficiency does not 

seem to impair appendage formation and centrosome maturation. The distal and 

subdistal appendages seen in wild-type cells (Figure 4. 10: Wild-type, I/II) can also 

be found in centrin triple null mutants (Figure 4. 10: Cetn4-/-/2-/-/3- I/III). However, 

due to the variability of forms and dispositions that the centrosome appendages can 

assume, we were unable to clearly determine if the absence of centrins leads to 

structural abnormalities or if it has any impact on appendage number, movement or 

functionality. Nevertheless, the subdistal appendages in centrin-deficient centrioles 

appear to be capable of anchoring microtubules. These results are consistent with the 

previous observations we made by immunofluorescence microscopy and allow us to 

propose that centrin-deficient centrosomes are not only able to sustain normal 

centriole duplication, but can also mature and assemble appendages. 

4.4  Detailed analysis of mitosis and cytokinesis in the absence of 

centrins 

In light of previous studies that proposed roles for centrins in cell division, we 

decided to perform a comprehensive analysis of mitosis in centrin-deficient cells and 

address the functionality of their centrosomes in cell division.  

 

4.4.1  The assembly of bipolar mitotic spindles 

Immunofluorescence microscopy was initially performed to examine mitotic 

spindle organisation in centrin-deficient cells. We used anti-Cep76 to detect 

centrioles, anti-α-tubulin to stain microtubules and DAPI to visualize DNA (Figure 

4.11).  
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Figure 4.11  Centrin-deficient centrosomes organize bipolar mitotic spindles. 
Immunofluorescence microscopy analysis of wild-type and the indicated Cetn-targeted DT40 cells 
stained with α-tubulin (red) to detect the spindle microtubules and Cep76 (green) a reference marker 
for the centrosomes. Cells were counter-stained with DAPI to visualise the DNA (blue) prior to 
imaging. Scale bar, 5 µm. 

 

As shown in Figure 4.11, centrin knockout mutants can organize bipolar 

mitotic spindles with no detectable abnormalities. The level of spindle 

mono/multipolarity in centrin-deficient cells was minimal and comparable to wild-

type cells. TEM imaging was used to confirm that mitotic spindles originate from the 

centrosomes and are connected to chromosomes in centrin-deficient cells (examples 

in Figure 4.12). 
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Figure 4.12  Centrin-deficient centrosomes localise to the poles of the mitotic spindle. 
Transmission electron micrographs of spindle microtubule anchorage at the centrosomes in wild-type 
and centrin-deficient cells. Miniaturised images (0.33x) are shown in one of the corners of each 
micrograph with red lines overlapping the microtubules that connect centrosomes and mitotic 
chromosomes. Scale bars, 500 nm. 

 

4.4.2  The spindle length at metaphase is normal in the absence of centrins 

We then examined the mitotic spindle in more detail and determined its length 

in metaphase cells. The distance was measured between the two γ-tubulin spots at the 

mitotic spindle poles when the chromosomes were perfectly aligned to form the 

metaphase plate. The results were plotted in the graph shown in Figure 4.13.   
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Figure 4.13  Metaphase spindles have comparable length in centrin-deficient cells.  
Graph showing the average spindle length in wild-type and centrin-deficient cells. At least 50 
metaphase spindles were measured per cell line and error bars correspond to + SD. Statistical analysis 
was performed using Mann Whitney test (non parametric test comparable to a t-test, unpaired).  

  

We found that the average length of the metaphase spindle was 6.14± 0.57 μm 

in centrin-deficient cells and 6.41± 0.59 μm in wild-type cells. Statistical analysis 

showed no significant difference in these results. 

 

4.4.3  Mitotic index and duration 

We then determined the mitotic index by FACS analysis of the 

phosphorylation of histone H3 at serine 10 in Cetn-targeted cells (Figure 4.14). This 

post-translational modification occurs in late G2 and persists during mitosis (Hendzel 

et al., 1997).  
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Figure 4.14  Centrin deficiency has no impact on the fraction of cells in mitosis.  
The histogram shows the mitotic indices of Cetn-targeted cell lines of the indicated genotype. Values 
refer to the mean percentage of cells in late G2 and M phase of 3 experiments (n=10000) + SD. 
Statistical analysis was performed using Kruskal-Wallis test (non parametric test, unpaired) and 
Dunn's multiple comparison test. No statistical difference was found. 

 

The pH3 FACS data was statistically equivalent between the different centrin 

knockout mutants and wild-type cells, which suggested that centrin deficiency does 

not delay or arrest mitosis. However, the experimental values varied as shown by the 

error bars in Figure 4.14 and even if not significantly different, the mitotic index of 

centrin-deficient cells is approximately 20% higher than that of wild-type cells.  

In order to confirm that centrins are not required for mitotic progression, we 

determined the duration of mitosis in both wild-type and centrin-deficient cells using 

live cell imaging microscopy. To carry out these experiments, we generated wild-

type and centrin-deficient clones stably expressing histone H2B-RFP, widely used 

for tracking DNA by live cell imaging (Dodson et al., 2007; Kanda et al., 1998). 

Cells were imaged every 3 minutes for 3 hours and the time interval between 

chromosome condensation and decondensation was measured. Frames from movies 

with examples of fast mitotic division of wild-type and centrin-deficient cells are 

shown in Figure 4.15, along with the average mitotic duration for these cell lines.  
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Figure 4.15  Duration of mitosis is identical in wild-type and centrin-deficient cells.  
A. Examples of time-lapse experiments showing fast mitotic division of wild-type and centrin-
deficient cells. In the frames shown for both cell lines, DNA condensation is shown to occur in the 
transition of frame 0 to 3 minutes, followed by chromosome alignment and segregation between 18 to 
24 minutes, and finally, DNA decondensation and re-establishment of nuclear integrity from 27 to 36 
minutes. The time taken from chromosome condensation to decondensation was assessed and 
considered the length of mitosis. (---) refers to frames before and after mitosis which were just shown 
for comparison. Scale bar, 5 µm.   
B. Bar graph showing the average mitotic duration for each cell line + SD (n=70). Cells of the 
indicated genotypes that stably expressed histone H2B-RFP were imaged by time-lapse microscopy. 
Statistical analysis was performed using Mann Whitney test (non parametric test, unpaired). No 
statistical difference was found. 

 

The average time spent in mitosis was 40.5 ± 10.6 minutes for wild-type cells 

and 40.2 ± 9.5 minutes for centrin-deficient cells, demonstrating that centrins are 

dispensable for mitotic progression in DT40 cells. It is also worth mentioning that we 
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 did not observe any cells arrested in mitosis, multipolar divisions, or defects in the 

segregation of the mitotic chromosomes. 

 

4.4.4  Normal microtubule nucleation and anchorage at the centrosome  

In a previous study, the knockdown of centrin3 in human cells led to the loss 

of microtubule organisation and anchorage at the centrosome (Dammermann and 

Merdes, 2002). Our observations by TEM suggest that centrosomes retain their 

ability to function as MTOC in the absence of centrins, as shown in the micrographs 

in Figure 4.16A. However, we also tested if centrin-deficient cells can re-nucleate 

microtubules after cold- and nocodazole-induced depolymerisation (see section 

2.4.6). Examples of microtubule depolymerisation/aster nucleation and a graph 

showing the percentage of cells capable of microtubule re-nucleation are presented in 

Figure 4.16.  
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Figure 4.16  Normal microtubule nucleation of centrin-deficient centrosomes.  
A. Transmission electron micrographs of microtubule anchorage at with centrosomes in cells of the 
indicated genotype. Scale bars, 500 nm.   
B.  Immunofluorescence microscopy analysis of microtubule nucleation in DT40 cells before and after 
release from 1 hour arrest in 1 µg/ml nocodazole at 4˚C. Cells were stained with antibodies against α-
tubulin (green) to detect microtubule aster nucleation, and γ-tubulin (red) to serve as a centrosomal 
marker. Cells were counter-stained with DAPI to visualise the DNA (blue) and localise the cells. 
Scale bar, 5 µm.   
C.  Quantitation of the percentage of cells with aster nucleation after microtubule regrowth for 1 min 
at 39.5˚C.  Histogram shows mean + SD of 3 separate experiments in which at least 200 cells were 
counted per experiment. Statistical analysis was performed using Mann Whitney test (non parametric 
test, unpaired). No statistical difference was found. 
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As shown in Figure 4.16, the fraction of centrosomes able to re-nucleate 

microtubules after nocodazole/cold-induced depolymerisation was almost identical 

for wild-type and centrin triple null cells, suggesting that centrin is dispensable for 

microtubule nucleation.  

We also investigated if these newly nucleated microtubules were able to form 

a functional spindle and carry on cell division after the nocodazole-induced spindle 

assembly checkpoint arrest. In order to achieve this, cells were accumulated in 

prometaphase by 10 hour incubation with nocodazole and 3 hours after washing out 

the drug, the DNA content of the cells was determined by FACS. The percentages of 

wild-type and centrin-deficient cells that were able to progress through mitosis into 

G1 are shown in Figure 4.17. 

 

 

Figure 4.17  Robust recovery of centrin-deficient cells into the cell cycle after nocodazole 
washout.  
Histograms show the mean + SD of three separate experiments (n=10000). Statistical analysis was 
performed using the Mann Whitney test (non parametric test, unpaired, testing each parameter 
separately). No statistical difference was found. 

 

As shown in Figure 4.17, centrin deficiency had no impact on the ability of 

cells to divide after release from nocodazole arrest. This provides further evidence 

for the capacity of centrin-deficient cells to efficiently re-nucleate fully functional 

microtubule arrays. 
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4.4.5  Cytokinesis in cells lacking centrins 

Survivin has been reported to be involved in mitotic progression and its 

localisation to the cytokinetic midbody in DT40 cells is well established (Yue et al., 

2008). To investigate possible functions of centrins in cytokinesis we analysed the 

formation of a cytokinetic midbody by immunofluorescence microscopy. Specific 

antibodies were used to detect α-tubulin and survivin in DAPI-stained cells. Imaging 

examples are shown in Figure 4.18. 

 

 

Figure 4.18  Centrin-deficient cells can form cytokinetic midbodies.  
Immunofluorescence microscopy analysis of wild-type and the indicated Cetn-targeted DT40 cells 
stained with α-tubulin (red) to detect microtubules and survivin (green) as a marker for the cytokinetic 
midbody. Cells were counter-stained with DAPI to visualise the DNA (blue) prior to imaging. Scale 
bar, 5 µm. 

 

Once we visualized an apparently normal survivin staining of the cytokinetic 

midbody structure in centrin-deficient cells, we decided to quantify the fraction of 

cells undergoing cytokinesis by scoring for the presence of this structure. A graphic 

containing the percentage of cells in cytokinesis in each centrin knockout cell line is 

shown in Figure 4.19.  
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Figure 4.19  Centrin deficiency does not impair cytokinesis.  
Quantitation of cells with midbody (undergoing cytokinesis). Histogram shows mean + SD of 3 
separate experiments in which at least 200 cells per experiment were counted. Statistical analysis was 
performed using Kruskal-Wallis test (non parametric test, unpaired) and Dunn's multiple comparison 
test. No statistical difference was found. 

 

As shown in Figure 4.19, the proportion of cells in cytokinesis is almost 

identical for all the Cetn deletion mutants, suggesting that the absence of centrin does 

not delay or impede cytokinesis.   

It has been described that the centrosome is important for midbody 

microtubule abscission and the completion of cytokinesis. The authors of the study 

documented that after anaphase the centrosomes reposition from the spindle poles 

into close proximity of the midbody. It was concluded that the mature centrioles 

control the resolution of the midbody by releasing the central microtubules in this 

structure (Piel et al. 2001). We investigated whether this post-anaphase centrosomal 

repositioning also takes place in DT40 cells and determined if centrins are involved 

in this process. Due to toxic effects of stable expression of GFP tagged human α-

tubulin, we used standard immunofluorescence microscopy. We imaged examples of 

cells at all the different stages between anaphase B and cytokinesis using anti-Cep76 

to detect centrosomes, anti-α-tubulin to stain microtubules and DAPI to imagine 

DNA. Figure 4.20 illustrates a direct comparison of wild-type and centrin-deficient 

cells in which the centrosomes appear to move from anaphase poles to the midbody 

structure.   

 

 

 

W
ild

-ty
pe -/-

Cetn
4

-/-

Cetn
2

-/-

/2-/-

Cetn
4

-

Cetn
3

-
/3-/-

/2-/-

Cetn
4

0

2

4

6

8

10

%
 o

f c
el

ls
 w

ith
 m

id
bo

dy



 

 
109 

 

Chapter 4.  Proliferation and centrosomal analysis of centrin-deficient DT40 cells 
  

 

Figure 4.20  Centrin deficiency does not prevent centrosome migration to the cytokinetic 
midbody region.  
Immunofluorescence microscopy analysis of wild-type and centrin-deficient cells stained with α-
tubulin (red) to detect microtubules and Cep76 (green) as a marker for the centrosome/centrioles. 
Cells were counter-stained with DAPI to visualise the DNA (blue) prior to imaging. Scale bar, 5 µm. 

 

Although the events were not timed, it was clear that the centrosomes were 

still recruited to the midbody structure in DT40 cells and, more importantly, in 

centrin-deficient cells. Together with the ability of centrosomes to separate before 

nucleating and organizing a mitotic spindle, these results suggest that the directed 

movement of the centrosomes is not dependent on the presence of centrins.   
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4.5  Mutagenic analysis of centrin2  

4.5.1  Generation of centrin2 point mutants and stable expression in centrin-

deficient cells. 

To identify key residues required for centrin localisation to the centrosome, 

we undertook a mutagenic approach. As chicken centrin2 and centrin4 share as much 

homology with each other (87%) as with human centrin2 (88%), they are very likely 

functionally redundant and probably have similar posttranslational regulations. We 

therefore decided to use the NetPhos 2.0 software to predict phosphorylation sites in 

the sequence of the 3 isoforms mentioned. Although at least 8 common 

phosphorylation sites were found (S20; T26; T94; T118; S122; T138; S170; Y172), 

we selected the sites which were previously shown to be phosphorylated in vivo or in 

vitro: T118; T138; S170 (Yang et al., 2010; Trojan et al., 2008; Lutz et al., 2001). 

We used site-directed mutagenesis (SDM) (section 2.5.6) to independently mutate 

each of these phosphorylation residues into alanine (A) or glutamate (E) in the myc-

centrin2 construct previously shown to confer an apparently normal distribution of 

centrin2 (section 3.2.5).  

In addition, since centrin is a calcium binding protein composed of four 

calcium binding EF hand motifs, we also used site-directed mutagenesis to impair 

calcium binding and analyse the requirement of calcium binding for centrin 

functions. The loop region within each calcium binding EF hand motif holds the key 

residues required for the ability to bind calcium. Aspartate (D) is almost always the 

first amino-acid of this sequence (Gifford et al., 2007) and was demonstrated crucial 

for calcium binding at an EF hand (Geiser et al., 1991, and Vonderfecht et al., 2011). 

We mutated this residue to alanine (A) in all four calcium binding EF hand motifs, as 

follows: D41A; D77A; D114A; D150A. In addition, these mutations were combined 

together to generate a version of myc-centrin2 that is completely unable to bind 

calcium. A schematic diagram of centrin2 and the residues mutated in this study is 

shown in Figure 4.21. 
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Figure 4.21  Schematic representation of centrin2 with its calcium binding EF hand motifs and 
the amino-acid residues mutated during this study. 

 

After successful SDM and clonal selection, the DNA plasmids were 

sequenced to confirm the presence of the desired mutation(s) and the integrity of the 

remaining sequence.  

 

4.5.2  Calcium binding ability is required for centrin2 recruitment to the 

centrosomes  

To investigate potential centrosomal phenotypes derived from the expression 

of mutant constructs, we transiently expressed the mutant forms of myc-centrin2 in 

centrin-deficient cells. 24 hours after transfection we analysed centrin localisation by 

co-staining with myc and γ-tubulin, and determined the number of centrosomes per 

cell (data not shown). We found that all the phosphorylation mutant forms of 

centrin2 are still robustly recruited to the centrosomes. Conversely, the fourth and the 

quadruple calcium binding EF hand mutants (D150A and D41A-D77A-D114A-

D150A) had lower or minimal centrosomal localisation, respectively. It is also 

noteworthy that the transient overexpression of mutant forms of centrin2 in centrin-

deficient cells did not have an impact on centrosome number. 

Subsequently, we generated stable cell lines of the myc-centrin2 mutant 

collection in the centrin-deficient background. The screening was done by western 

blot, selecting clones with similar expression level to the control cell line (expressing 

the wild-type form of myc-centrin2). However, for the initial stages of our analysis 

and due to the absence of centrosomal phenotypes, we only continued to study the 

non-phosphorylatable and the quadruple EF hand mutants. A western blot of the 

selected mutants and the immunofluorescence analysis of their centrosomal 

localisation are shown in Figure 4.22. 
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Figure 4.22  Stable expression of mutat forms of myc-centrin2 in centrin triple knockout cells.  
A. Immunoblot detection of mutant myc-fusions of centrin2. γ-tubulin was used as a loading control.  
B. Immunofluorescence microscopy imaging of cells stained with DAPI and myc/γ-tubulin antibodies. 
Scale bars are 5µm. C. Quantification of the centrosomal signal of each myc-centrin2 mutant. 
Histogram shows mean + SD of 3 separate experiments in which at least 1000 centrosomes per 
experiment were used. Statistical analysis was performed using Kruskal-Wallis test (non parametric 
test comparable to a one-way ANOVA, unpaired) and Dunn's multiple comparison test. Relevant 
statistical results are indicated on the histogram as: * = p ≤ 0.05 and ** = p ≤ 0.01. 
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As expected from our previous observations, the stably expressed centrin2 

T138A and S170A localised normally to centrosomes, suggesting that these residues 

are not essential for the centrosomal recruitment of centrins. Conversely, the typical 

centrosomal localisation of centrin was significantly reduced in the centrin2 T118A 

and almost completely lost in the mutant version with all calcium binding EF hand 

motifs disrupted (D41A-D77A-D114A-D150A). These results show that the calcium 

binding properties of centrin2 are important for its distribution in the cell, namely at 

the centrosome. 

4.6  POC5 overexpression results in defined, centrin-dependent, 

linear structures 

4.6.1  Cloning and expression of cPOC5-GFP in DT40 cells  

hPOC5 is a centrosomal protein which has been shown to directly interact 

with centrins in human cells. It localises to the distal lumen of centrioles where is 

required for centriole elongation and cell cycle progression (Azimzadeh et al., 2009). 

To test if centrins are required for POC5 recruitment to the centrosomes, we cloned 

the chicken orthologue of hPOC5. We searched the NCBI database and found the 

predicted sequence for cPOC5 (XM_424797.2/XP_424797.2) which shares 48% 

identity with its human homolog. To verify the transcript prediction, we compared 

the sequence against the chicken expressed sequence tags (ESTs) database using 

BAST. Multiple ESTs were found containing the predicted sequence, suggesting that 

the cPOC5 gene information is accurate and well annotated. We then designed 

specific primers and amplified the cDNA of cPOC5 by RT-PCR. After analysing the 

PCR product by electrophoresis and confirming the expected size (1344bps, data not 

shown), the cDNA was cloned in pGEM-T easy, sequenced and subcloned into 

pEGFP-N1 (section 2.5.18 and Appendix D).  

To investigate the centrosomal recruitment of cPOC5 in DT40 cells in the 

presence or absence of centrins, we transiently transfected wild-type and centrin-

deficient cells with the cPOC5-GFP construct. 24 hours after transfection, we 

harvested the cells and performed immunofluorescence microscopy using the γ-

tubulin antibody to localise the centrosomes and the centrin2 antibody to test any 

effects of cPOC5 overexpression on endogenous centrins in wild-type cells (Figure 
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 4.23).  When analysing the transfected cells at the microscope, we were surprised to 

find that even though approximately 57% of wild-type cells with cPOC5-GFP 

expression had a clear centriolar or centrosomal localisation, around 40% of GFP 

positive cells also contained defined, linear structures that at a first glance resembled 

primary cilia. In addition, we saw that these structures could also be found away 

from the centrosome (γ-tubulin staining) and that endogenous centrins always 

perfectly co-localised with the cPOC5-GFP signal in the cell, even if no structure 

was present, probably due to the already known interaction between these proteins. 

 
 
Figure 4.23  cPOC5 overexpression induces the assembly of defined, linear structures in wild-
type DT40 cells but not in centrin-deficient cells.  
A. Immunofluorescence microscopy examples of wild-type cells overexpressing cPOC5-GFP. Cells 
were stained with anti-γ-tubulin and DAPI (scale bar is 5µm). 
B. Immunofluorescence microscopy examples of the complete co-localisation of centrin2 with 
cPOC5-GFP and the normal centriolar localisation of cPOC5-GFP in centrin-deficient cells. Cells 
were stained with the centrin2 or γ-tubulin antibodies and DAPI (scale bar is 5µm). 
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Interestingly, in centrin-deficient cells we saw that in approximately 94% of 

cells, cPOC5-GFP localised exclusively at the centrioles or centrosomes in the cell 

without assembling the defined, linear structures observed in wild-type cells. This 

dependency and the fact that lymphocytes are normally unable to ciliate (Alieva and 

Vorobjev, 2004), motivated us to further characterise these particular cPOC5 

structures by immunofluorescence and TEM. Because of the linear nature of the 

POC5-induced structures and the overlapping localisation of centrins we speculated 

that this phenomenon might be analogous to the previously reported centriole over-

elongation observed upon POC1, CPAP (CenpJ) overexpresion and/or CP110 

depletion (Keller et al., 2009; Kohlmaier et al., 2009; Schmidt et al., 2009; Spektor et 

al., 2007; Tang et al., 2009). However, we found that the cPOC5-induced structures 

did not contain stabilised α-tubulin as would be expected in centriolar/ciliary 

microtubule structures (data not shown). Moreover, when analysing centrosomes by 

TEM we did not find any examples of long microtubular structures arising from the 

centrosomes/centrioles (n>15). Nevertheless, the centrin-dependent assembly of 

cPOC5-induced structures suggests that centrin may be involved in centriole over-

elongation or ciliogenesis. 

 

4.6.1  The assembly of linear structures upon cPOC5 overexpression is 

dependent on centrins and functional EF hand motifs  

In order to understand the role of centrin in the cPOC5-induced assembly of 

defined, linear structures, we transiently overexpressed cPOC5 in our collection of 

myc-centrin2 mutants. 24 hours after transfection, we stained cells with γ-tubulin and 

imaged them at the microscope, screening for the presence of cPOC5 defined, linear 

structures (Figure 4.24).  
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Figure 4.24.  The assembly of a cPOC5 defined, linear structure is dependent on centrin2 and its 
calcium binding ability. 
Percentage of cells forming defined, linear structures upon cPOC5-GFP transient overexpression. The 
structure rarely forms in the presence of the EF hands mutant and never in the absence of centrins. 
Histogram shows mean + SD of 3 separate experiments in which at least 150 cells were counted per 
experiment. Statistical analysis was performed using Kruskal-Wallis test (non parametric test 
comparable to a one-way ANOVA, unpaired) and Dunn's multiple comparison test. Relevant 
statistical results are indicated on the histogram as: * = p ≤ 0.05 and ** = p ≤ 0.01. 

 

In agreement with our earlier observations, cPOC5-induced structures were 

never present in the absence of centrins. In addition, the single expression of myc-

centrin2 was sufficient to support the assembly of these structures. Although the 

mutation of T138A and S170A had no severe impact on the formation of cPOC5 

structures, a reduced occurrence was observed in cells expressing T118A myc-

centrin2. Interestingly, while in wild-type and remaining mutants, 30-50% of the 

defined, linear structures were found away from the centrosomes, all the structures 

present in T118A myc-centrin2 expressing cells localised in close proximity with the 

centrosomes. Finally, these structures almost never assembled in cells expressing the 

mutant form of myc-centrin2 that is unable to bind calcium, and, if formed, were of 

considerably reduced size. In essence, these results suggest that centrins, their 

calcium binding properties and/or centrosomal localisation are required for the 

assembly of cPOC5-induced defined, linear structures.    
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4.6  Discussion 

4.6.1  Proliferative properties of centrin-deficient cells 

 It has been reported that in human non-transformed hTERT-RPE1 cells, 

centrin2 siRNA resulted in a strong accumulation of cells in a G1 cell cycle arrest 

which suggests that centrin2 is required for cell cycle progression in normal cells 

(Mikule et al., 2007). In the previous chapter we were able to disrupt all centrin loci 

present in chicken cells and we concluded that centrins are dispensable for cell 

viability of DT40 cells. Here we have found that centrin-deficient cells proliferate 

more slowly than wild-type cells. Although this growth delay accounts for 

approximately 20% of their cell cycle duration, we did not detect any specific arrest 

or extended cell cycle delay. Nonetheless, the analysis by flow cytometry revealed a 

moderate increase in the fraction of cells undergoing apoptosis. This increment could 

be the underlying cause for the cell proliferation delay observed, although the 

increase of apoptotic cells in the different centrin mutants is not proportional to the 

delays observed in proliferation. Since cell cycle progression appeared unaffected in 

centrin-deficient cells and some studies had implicated centrins in centrosome 

duplication and cell division in human cells (Salisbury et al., 2002; Tsang et al., 

2006), we performed a detailed analysis of those events and centrosome integrity in 

our centrin-deficient cell lines.  

 

4.6.2  Detailed analysis of the centrosomes in centrin-deficient mutants 

Previous studies have shown that centrins are required for accurate 

duplication of centrosome analogous structures in lower eukaryotes. In higher cells it 

was suggested that centrins were essential for centrosome duplication. In human 

cells, a striking phenotype was observed after RNAi depletion of centrin2, that is the 

inhibition of centriole biogenesis (Salisbury et al., 2002).  In contrast to this study, 

other groups that repeated the depletion of CETN2 using similar siRNA sequences 

did not detect any effect on the recruitment of SAS-6 to the base of the mother 

centriole or the initiation of procentriole biogenesis (Strnad et al., 2007). However, in 

one of these studies, centrin2 depletion delayed CP110 incorporation on 
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 procentrioles at the beginning of S-phase, without any evidence of an S-phase delay 

(Yang et al., 2010).  

Since we used gene targeting to disrupt all centrin isoforms present in the 

vertebrate DT40 cell line, we can demonstrate unequivocally that centrins are not 

essential for centrosome duplication in this model system. Immunofluorescence 

microscopy of centrin-deficient cells using antibodies against major centrosomal 

components did not reveal any defects in the pericentriolar matrix, centriole 

composition or maturation capacity of their centrosomes. All tested components had 

similar intensity/distribution and, contrary to our expectations, we did not detect any 

abnormalities or delays in centrosome duplication. We also ascertained that centrin-

deficient cells, like wild-type DT40 cells, are able to amplify their centrosomes in 

response to Plk4-overexpression. It had been already shown that depletion of neither 

centrin2 nor centrin3 prevents efficient Plk4-induced centriole overproduction in 

human cells (Kleylein-Sohn et al., 2007). However, the authors could not exclude the 

possibility that remaining molecules of centrin might be enough to support 

centrosome biogenesis or any potential off-target effects that would overcome their 

requirement.  

Centrin was also shown to be required for basal body stability in Tetrahymena 

(Stemm-Wolf et al., 2005; Vonderfecht et al., 2011), although we did not detect any 

centrosomal defects by electron microscopy. The centrosomal ultrastructure in 

centrin-deficient cells was indistinguishable from wild-type controls. We found that 

in the absence of centrins, centrioles assemble in the usual nine sets of microtubule 

triplets and are normally orthogonally orientated to each other. Centrin-deficient 

centrosomes are able to form cartwheels and mature both distal and subdistal 

appendages which appear to anchor microtubules. 

An emerging possibility is that the essential role for centrins lies in control of 

ciliogenesis, rather than in centrosome duplication. This idea is supported by centrin 

interactions with a known ciliogenesis regulator (CP110) (Tsang et al., 2006), and 

proteins involved in the elongation and contraction of centriolar structures (hPOC5 

and hSfi1) (Azimzadeh et al., 2009; Kilmartin, 2003; Graser et al., 2007). Centrin’s 

specific localisation at the distal lumen of centrioles and a stronger association with 

the mother centriole (Paoletti et al., 1996) are observations which strengthen this 

notion. Unfortunately, since chicken DT40 are a lymphoid cell line and therefore do 

not assemble primary cilia (Alieva and Vorobjev, 2004), we were unable to use our 
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 cells to test the role of centrins in ciliogenesis. Nevertheless, other groups have 

reported that centrin2 depletion in hTERT-RPE1 cells leads to a 50% decrease in 

primary cilia assembly (Graser et al., 2007; Mikule et al., 2007). Moreover, recent 

work in zebrafish embryos also reported developmental defects in kidney and 

olfactory bulb after Cetn2 knockdown. The authors also detected other 

developmental abnormalities very similar to phenotypes observed in models of 

ciliopathy, such as a reduction of cilia and ciliary beating (Delaval et al., 2011). 

Overall, the depletion of centrins appears to have a strong impact in ciliogenesis, 

although it is not yet known how they are involved in this process.  

 

4.6.3  Detailed analysis of mitosis and cytokinesis in the absence of centrins 

In addition to ciliary defects, analysis of zebrafish morphants after Cetn2 

knockdown revealed a mitotic delay (Delaval et al., 2011). Since embryos appeared 

capable of full development after centrin2 depletion and the mitotic analysis was 

focused mainly on organs that revealed ciliary defects, it was not clear whether this 

mitotic effect was a cell-autonomous phenotype or a consequence of a problem in 

ciliogenesis that affects the downstream roles of centrosomes. In our detailed 

analysis, we did not detect any mitotic delays or abnormalities in the absence of 

centrins. Immunofluorescence and TEM imaging of centrin-deficient cells revealed 

normal length bipolar spindles anchored at the centrosomes. In nearly all cells, we 

found two centrioles at each centrosomal/spindle pole as seen in wild-type mitotic 

cells. FACS analysis did not show any significant increase of the fraction of cells in 

mitosis in the absence of centrins. No monopolar or multipolar divisions were 

observed by live imaging and these experiments revealed that the duration of mitosis 

in centrin-deficient cells and in wild-type cells is very similar, confirming that 

centrins are not required for mitotic progression. Additionally, we showed that 

centrin-deficient cells re-nucleate microtubules after nocodazole/cold treatment-

induced depolymerisation and are able to progress through mitosis after nocodazole 

washout. 

In the first study of Cetn2 knockdown in human cells (Salisbury et al., 2002), 

the reported failure in centrosome duplication and loss of mature centrioles 

eventually resulted in defects in cytokinesis and consequently multinucleated cells. 

We examined our centrin-deficient cells and found that the fraction of cells 
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 undergoing cytokinesis was not significantly different from wild-type cells, 

suggesting that the midbody structure was resolved with similar kinetics in these 

cells. Additionally, we found that the post-anaphase repositioning of centrosomes 

reported in human cells (Piel et al. 2001) also occurs in DT40 cells and is unaffected 

by the absence of centrins. These results, together with data from differential 

interference contrast (DIC) microscopy (not shown) and the minimal occurrence of 

multinucleation, strongly support that centrins are dispensable for centrosome 

localisation and cytokinesis resolution.  

 

4.6.4  Mutagenic analysis of centrin2  

We successfully generated mutant forms of chicken centrin2 for three key 

phosphorylation sites and the first residues in all four calcium binding EF-hand 

motifs. We found that even though all the phosphorylation mutants were still 

robustly recruited to centrioles in centrin triple null cells, the mutant unable to bind 

calcium was not. In agreement with this, it was also shown recently that TtCen1 

(centrin2 orthologue in Tetrahymena thermophila) recruitment to basal bodies 

depends on functional calcium EF hand motifs (Vonderfecht et al., 2011).  

CK2 was reported to phosphorylate centrins at threonine residue 138 which 

regulates its affinity to bind to the G-protein complex and ciliary microtubules 

(Trojan et al., 2008). We saw no effect of myc-centrin2 T138A/T138E mutations on 

centrosome numbers and only a small reduction on the centrosomal recruitment of 

myc-centrin2 when mutated to T138A. 

The threonine residue 118 was found to be important for the centrosomal 

recruitment of GFP-centrin2 in human cells (Harold Fisk personal communication). 

In concordance with this result, we detected a significant reduction in the 

centrosomal localisation of myc-centrin2 when the T118 was mutated to alanine. It is 

worth mentioning that while our experiments were performed in the absence of 

endogenous centrins, the overexpression of GFP-centrin2-T118A was carried out in a 

wild-type background.    

The phosphorylation of serine residue 170 was reported to be mediated by 

Aurora-A and important for centrin2 stability in human cells. Additionally, the 

overexpression of the phosphomimetic mutation (aspartate (D)) induced centrosome 

amplification in HeLa cells (Lukasiewicz et al., 2011). In our experiments we 

transiently and stably overexpressed both myc-centrin2 S170A/S170E and we did 
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 not detect any difference in the number of cells undergoing centrosome 

amplification. However, since we performed these experiments in a centrin null 

background, it is possible that the presence of the wild-type form of centrin2 or even 

the other centrin isoforms, would influence the outcome. 

 

4.6.5  POC5 overexpression results in defined, linear, centrin-dependent 

structures  

The centrosomal protein hPOC5 was identified as an interactor of centrins and 

has been characterized in human cells (Azimzadeh et al., 2009). To determine if 

POC5 localisation is dependent on centrins we cloned and overexpressed cPOC5 in 

our DT40 cell lines. We were astonished to discover that almost half of the cPOC5-

GFP positive population assembled defined, linear structures apparently similar to 

primary cilia. However, we rapidly realized that this was an unlikely possibility since 

the structure would not always be connected to a centrosome (γ-tubulin staining) and 

lymphocytes do not normally assemble primary cilia (Alieva and Vorobjev, 2004). 

Nevertheless, the possibility of this being a ciliogenesis-related phenomenon made it 

quite attractive to study.  

The overexpression of CPAP (CenpJ) (Kohlmaier et al., 2009; Schmidt et al., 

2009; Tang et al., 2009), POC1 (Keller et al., 2009) or depletion of CP110/Cep97 

(Spektor et al., 2007) have been also reported to induce the assembly of similar 

structures. The authors detected stabilized α-tubulin in these structures (post-

translationally modified by acetylation and polyglutamylation), which is 

characteristic of centriolar and cilia microtubules. Interestingly, in all the referred 

studies, centrins were shown to completely co-localise with the long linear structures 

in contrast with primary cilia, in which centrins are normally restricted to the basal 

bodies/centrioles (Keller et al., 2009; Kohlmaier et al., 2009; Schmidt et al., 2009; 

Spektor et al., 2007; Tang et al., 2009). Conversely, the intraflagellar transport 

component IFT88 (Polaris) detected in primary cilia did not localise to CPAP 

induced or CP110 depleted structures further supporting that these were not true 

primary cilia (Schmidt et al., 2009). Finally, TEM analysis in these studies revealed 

that the structures consisted of elongated centriolar microtubules with no transition 

zone or membranous surrounding. It was therefore concluded that these elongated 

structures were not genuine primary cilia but rather over-elongated centrioles 

(Kohlmaier et al., 2009; Schmidt et al., 2009).  
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The similarities between the cPOC5 induced structures and the reported over-

elongated centriolar structures were striking. In both cases, the structures were 

defined, linear and resembled primary cilia. In addition, we found that centrins also 

fully co-localised with cPOC5-induced structures, as it had been reported for 

centriole over-elongated structures, and would not form in centrin-deficient cells. 

However, we did not detect stabilised α-tubulin (acetylated/polyglutamylated 

tubulin) or any microtubular marker in these structures. This was particularly 

unexpected because the linear shape of the structure suggested it was microtubule 

based. TEM imaging supported this speculation, since we did not find any examples 

of over-elongated microtubular structures arising from centrosomes or dispersed in 

the cytoplasm. Nonetheless, we found that these structures rarely assembled in cells 

only expressing a mutant form of centrin2, unable to bind calcium. All together, 

these results suggest that the calcium binding properties and/or centrosomal 

localisation of centrins are required for cPOC5-induction of defined, linear 

structures. However, further characterisation of these structures is required in order 

to improve our understanding of centrin’s roles at the centrosome and/or in 

ciliogenesis. 
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Chapter 5  A role for centrins in DNA repair 

5.1  Introduction 

Centrins have been found to play a role in DNA damage signalling and repair 

in several eukaryotes. Increased sensitivity to UV-induced DNA damage was 

reported after RNAi depletion or mutation of Cen2 in plants and in cases where 

CDC31 was mutated in yeast (Chen and Madura, 2008; Molinier et al., 2004). As 

previously mentioned, centrin2 is shuttled to the cell’s nucleus upon SUMOylation, 

where it has been shown to interact and form a heterotrimeric complex with XPC-

HRAD23 in human cells (Klein and Nigg, 2009; Araki et al., 2001). The XPC 

complex is a key component of nucleotide excision repair and is involved in the 

initial steps of DNA damage recognition (Sugasawa et al., 1998). Centrin2 was found 

to be necessary for the stability of this complex and the activity of XPC in vitro 

(Araki et al., 2001; Nishi et al., 2005). Moreover, the overexpression of a mutant 

form of XPC incapable of interacting with centrin2 or the partial depletion of 

centrin2 by shRNA was shown to interfere or delay the resolution of UV-induced 

DNA damage (Acu et al., 2010; Nishi et al., 2005). 

In this chapter we analyse the DNA damage response of centrin-deficient cells 

after treatment with various genotoxic stress agents, incluiding UV-C light. We also 

investigated whether centrin is required or involved in DNA damage-induced 

centrosome amplification in DT40 cells (Dodson et al., 2004). In addition, we used 

our myc-centrin2 mutant collection to characterise the dependence of XPC functions 

on the phospho-residues previously described and on the calcium binding properties 

of centrins. Finaly, we attempted to clarify the impact of centrin-deficiency on XPC 

functions by monitoring the XPC complex recuitment to UV-specific DNA lesions. 

We found that centrin-deficient cells undergo robust and even increased rates 

of centrosome amplification after treatment with different genotoxic agents. Using 

clonogenic survival assays, we also show that these cells have a marked 

hypersensitivity to UV irradiation, but not IR. While the DNA damage checkpoint 

responses appeared to be normal, we detected delayed resolution of cyclobutane 

pyrimidine dimmers (CPD), demonstrating that centrins are required for efficient 
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 NER. We also show that centrins are dispensable for XPC recruitment following UV, 

thus placing their activities in NER downstream of this event. 

5.2  Genotoxic stress-induced centrosome amplification   

Centrosome duplication and DNA replication are coupled and tightly 

regulated throughout the cell cycle. However, in certain cell types these events can 

be uncoupled upon extended cell cycle arrest leading to centrosomal overduplication 

(Nigg and Stearns, 2012).  

Centrin2 depletion has been reported to decrease centrosome amplification 

following UV treatment or the upregulation of Aurora-A or Mps1 (Acu et al., 2010; 

Lukasiewicz et al., 2011; Yang et al., 2010). In order to test whether the ablation of 

centrins impacts on the cell’s ability to produce multiple centrosomes following 

prolonged cell cycle arrest, we treated wild-type and centrin-deficient cells with 

various genotoxic agents. These included treatments known to promote centrosome 

overduplication such as HU, IR, UV and Cdk1 inhibition, (Balczon et al., 1995; 

Dodson et al., 2004; Hochegger et al., 2007; Kleylein-Sohn et al., 2007; Sato et al., 

2000). 24 hours after treatment, cells were harvested and stained with γ-tubulin and 

glutamylated tubulin antibodies to quantify their centrosomes by 

immunofluorescence microscopy. We found that all centrin knockout mutants were 

able to amplify their centrosomes following genotoxic stress and verified that the 

overproduced centrosomes contained normal centrioles by TEM. Some imaging 

examples and a graphical representation of the percentages of cells with centrosome 

amplification are shown in Figure 5.1. 
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Figure 5.1  Increased rates of DNA damage-induced centrosome amplification in centrin-
deficient cells. 
A. Immunofluorescence microscopy showing centrosome amplification in wild-type and centrin-
deficient DT40 cells stained with antibodies to glutamylated tubulin (green) and γ-tubulin (red) at 24 
hours post-treatment with 10Gy IR. DAPI was used to visualise the DNA (blue). Scale bar, 5µm.  
B. Transmission electron microscopy comparison of amplified cells in wild-type and centrin-deficient 
cells, seen 24 hours after 10Gy IR.  Scale bars, 500 nm.   
C. Quantitation of cells of the indicated genotype with aberrant centrosome numbers 24 hours after 
treatment with 5J/m2 UV-C (+UV), 4mM HU (+HU), 10Gy IR (+IR) or 6µM RO3306 - Cdk1 
inhibitor (+ RO).  Histogram shows mean + SD of 3 separate experiments in which at least 300 cells 
per experiment were counted. Statistical analysis was performed using the Mann Whitney test (non 
parametric test, unpaired, testing each parameter separately). Relevant statistical results are indicated 
on the histogram as: ns = p > 0.05 and * = p ≤ 0.05. 
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As shown in Figure 5.1, the percentage of centrin-deficient cells with 

overduplicated centrosomes was always similar to or higher than the corresponding 

wild-type percentage (this trend was also observed for the single and double 

knockout mutants - data not shown). The frequent observation of centriole pairs and 

the stabilisation of centriolar tubulin by polyglutamylation, suggest that centrosome 

overduplication occurs through the canonical template pathway. In addition, we 

found no difference in the overall numbers of centrosomes per cell (data not shown) 

which, together with the data from the previous chapter, allows us to propose that 

there are no kinetic limitations to the overproduction of centrosomes in centrin-

deficient cells. 

Although HU treatment had similar effects in the cell lines tested, treatment 

with UV, IR or inhibition of Cdk1 caused an increased fraction of centrin-deficient 

cells to undergo centrosome amplification in comparison with the wild-type 

population. Thus, these results also suggest that the absence of centrins may 

compromise particular pathways involved in the genotoxic stress response. 

5.3  DNA damage analysis of centrin-deficient cells 

The elevated levels of centrosome amplification after IR or UV irradiation led 

us to investigate possible functions of centrins in the DNA damage response.  

 

5.3.1  Clonogenic survival following DNA damage 

We analysed DNA repair competency of centrin-deficient cells by clonogenic 

survival assays in which cells were treated with DNA damaging agents, then diluted 

and plated in methylcellulose media to allow colony formation (as described in 

Section 2.4.9). Figure 5.2 shows the survival curves for the centrin-deficient cells 

after IR and UV treatment. 

 

 

 

 



 

 
127 

 

Chapter 5  A role for centrins in DNA repair 
  

 

Figure 5.2  Centrin-deficient cells are hypersensitive to UV irradiation, but not IR.  
A. Clonogenic survival assay of cells of the indicated genotype treated with the indicated doses of IR.  
B. Clonogenic survival assay of cells of the indicated genotype treated with the indicated doses of 
UV-C irradiation. Data points show mean + SD of the surviving fractions in at least 3 separate 
experiments. 

 
As revealed in Figure 5.2, wild-type and centrin-deficient cells have 

comparable sensitivities to IR but Cetn-null cells show a severe decrease in viability 

after UV treatment (~100 fold at 15J/m2). Ablation of Cetn4 and Cetn2 caused this 

distinct sensitivity to UV radiation, which was also intensified by the further loss of 

Cetn3. To confirm that the phenotype observed is caused only by the loss of centrins 

and not by any other factor, we attempted to suppress the UV hypersensitivity of 

centrin-deficient cell by transgenic expression of Cetn isoforms. This was done by 

generating of Cetn-null cell lines stably expressing myc fusion proteins of each Cetn 
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 isoform. UV clonogenic survival analysis was repeated and the survival results are 

presented in Figure 5.3. 

 

 

Figure 5.3  UV-hypersensitivity of centrin-deficient cells is rescued by the ectopic expression of  
myc-tagged centrin isoforms.  
Clonogenic survival analysis of centrin-deficient cells stably expressing the indicated myc-centrin 
transgenes. Survival curves show mean + SD of the surviving fractions in at least 3 separate 
experiments. 

 
The nearly complete rescue of the UV hypersensitivity to wild-type levels 

upon expression of centrin4 or centrin2 proteins demonstrates their role in dealing 

with UV-induced DNA lesions and exposes their redundancy in this function. In 

addition, the partial rescue by centrin3 suggests that this isoform is also involved to a 

limited extent in the response to UV irradiation in the absence of the other two 

centrin isoforms.  

The known interaction of centrin2 with XPC in human cells (Araki et al., 

2001) led us to hypothesise that the increased sensitivity to UV arises from an 

impaired nucleotide excision repair pathway.  

 

5.3.2  Analysis of the DNA damage response  

To investigate whether centrin-deficient cells have defects in the initial 

recognising stage or in the actual repair of the DNA lesions, we analysed UV-

dependent cell cycle checkpoint activation and release. This was accomplished by 

measuring the serine 345 (S345) phosphorylation kinetics of Chk1, a known 

checkpoint kinase that becomes phosphorylated on in response to IR/UV (Liu et al., 

2000) and flow cytometry analysis with PI staining. The results are shown in Figure 

5.4. 
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Figure 5.4 Centrin-deficient cells have extended cell cycle arrest after UV irradiation.  
A.  Immunoblot analysis of Chk1 phosphorylation in cells of the indicated genotype was carried out 
before or at different times after 3J/m2 UV-C treatment, using anti-phospho Chk1 S345, with anti-
Chk1 as loading control. 
B.  Flow cytometry analysis of the DNA content of wild-type and centrin-deficient cells before or at 
the indicated times after 3J/m2 UV-C treatment. 

 
The kinetics of Chk1 phosphorylation upon UV induced cell cycle checkpoint 

activation were comparable between wild-type and centrin-deficient cells with the 

peak of Chk1 phosphorylation being achieved between 2 and 4 hours after stress. 

However, 12 hours following irradiation, most Chk1 S345 phosphorylation had been 

removed in wild-type cells but persisted in centrin-deficient cells. Flow cytometry 

analysis of wild-type population revealed that the majority of the cells were delayed 

in S-phase 6 to 9 hours after UV treatment and progressed to a G2 peak by the 12 

hours time point while the centrin-deficient population were delayed in S-phase 9 to 

12 hours after irradiation. In addition, an increased fraction of dead cells (sub G1) 

was observed in the centrin-deficient population after the 18 hours time point. These 

results suggest that centrin-deficient cells can recognise DNA damage and activate a 

cell cycle checkpoint arrest, but are unable to repair the DNA lesions in a timely 

manner.  
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Given that centrin-deficient cells grow more slowly and have higher levels of 

centrosome amplification after IR without a decrease in clonogenic survival, we 

decided to examine the kinetics of Chk1 phosphorylation and cell cycle distribution 

after IR. Timecourse phospho-Chk1 western blots and flow cytometry histograms are 

shown in Figure 5.5. 

 

 

Figure 5.5  Centrin-deficient cells have normal cell cycle kinetics following IR treatment.  
A.  Immunoblot analysis of Chk1 phosphorylation in cells of the indicated genotype was carried out 
before or at different times after 3J/m2 UV-C treatment, using IR anti-phospho Chk1 S345, with 
monoclonal mouse anti-Chk1 as loading control. 
B.  Flow cytometry analysis of the DNA content of wild-type and centrin-deficient cells before or at 
the indicated times after 3J/m2 UV-C treatment. 

 
 
The phosphorylation profile of Chk1 and cell cycle distribution after IR are 

comparable between wild-type and centrin-deficient cells. This further supports the 

specific role of centrins in the cells response to UV-induced DNA damage. However, 

it may be noteworthy that the residual level of Chk1 phosphorylation 2 hours after 

treatment was somewhat lower in the centrin triple null line.  
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5.3.3  Examination of DNA repair following ultra-violet irradiation 

To determine if the delay in checkpoint release following UV irradiation was 

caused by defects in DNA repair, we monitored the repair kinetics of UV-induced 

cyclobutane pyrimidine dimers (CPDs) using an immunodot-blot assay. To do so, we 

took advantage of an antibody raised specifically against the physical structure of 

these particular photoproducts. An example immunodot-blot and the kinetics of CPD 

repair after 5J/m2 UV-C are shown in Figure 5.6.  

 

 

Figure 5.6  Defective nucleotide excision repair in centrin-deficient cells. 
A.  Immuno-dot blot analysis of CPDs in genomic DNA from wild-type, centrin-deficient cells and 
centrin-deficient cells that were stably-transfected with the indicated centrin-expressing transgenes 
(C4-centrin4, C2-centrin2, C3-centrin3), before or at the indicated times after 5J/m2 UV-C treatment. 
Time 0 is immediately after irradiation. 
B.  Quantitation of the kinetics of CPD repair in cells of the indicated genotype after 5J/m2 UV-C 
treatment.  Data show mean + SD of the CPD signal normalised to time 0 signals in at least three 
separate experiments in which each sample was blotted in triplicate. 
 

A fast and substantial increase in the signal of the CPD antibody is detected 

upon UV irradiation. In wild-type cells, this signal decreases 5-fold after 9 hours, 

while it takes approximately 24 hours for the centrin-deficient cells to achieve the 

same repair level. Moreover, 12 hours after UV treatment, approximately 10% of the 

induced DNA lesions remain unrepaired in wild-type cells alongside more than 50% 

in centrin-deficient cells. It is also worth mentioning that a significant fraction of the 

UV-induced DNA damage in centrin-deficient cells remained unrepaired for more 

than 24 hours after treatment. Remarkably, stable transgenic expression of centrin2 

or 4 restored the kinetics of CPD repair to wild-type levels. In addition, centrin3 re-
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 expression moderately improved the kinetics of DNA repair following UV treatment. 

These results are consistent with our previous observations and demonstrate that 

vertebrate centrins are required for efficient repair of UV-C-induced DNA damage. 

 

5.3.4  Survival and DNA damage response analysis of centrin2 point 

mutants after ultra-violet treatment  

Next, we determined if the activity of centrins in NER depends on specific 

amino-acid residues known to serve as phosphorylation sites (T118; T138; S170) or 

required for the calcium-binding properties of centrin2 (D41; D77; D114; D150). 

Using clonogenic survival assays, we analysed the capability of the myc-centrin2 

mutants (described in the previous chapter) to rescue the UV hypersensitivity 

phenotype seen in centrin-deficient cells. Surprisingly, the results from our initial 

experiments (data not shown) indicated that all the cell lines of the different centrin2 

mutants had survival rates comparable to wild-type cells following UV treatment. 

Considering these results, we decided to perform the triplet-repeat experiments only 

for the non-phosphorylatable mutants (T118A; T138A; S170A) and the non-calcium-

binding mutant (D41A-D77A-D114A-D150A). The final UV clonogenic survival 

results are shown in Figure 5.7 and confirm that the T118, T138 and S170 

phosphorylation sites, together with the ability to bind calcium, are dispensable for 

dealing with UV-C induced DNA lesions. 

 
Figure 5.7  Expression of all different centrins2 mutants rescues the UV-hypersensitivity of 
centrin-deficient cells. 
Clonogenic survival assay of cells of the indicated genotype treated with the indicated doses of UV-C 
irradiation.  Data points show mean + SD of the surviving fractions in at least 3 separate experiments. 
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Given that the different mutant forms of centrin2 completely rescued the UV 

hypersensitivity of centrin-deficient cells, we reasoned that any variations in the 

centrosome amplification response following UV irradiation in these cell lines would 

uncover a connection between the roles of centrins in the DNA damage response and 

the centrosome. However, as shown in Figure 5.8, all the different mutant forms of 

myc-centrin2 tested were able to rescue the high levels of centrosome amplification 

seen for centrin-deficient cells, 24 hours after UV-C treatment (5J/m2). Thus showing 

that UV-induced centrosome amplification is not affected by the non-

phosphorylatable status of centrin’s T118/T138/S170 residues, calcium binding 

ability or centrosomal recruitment. 

 

 
Figure 5.8  Expression of any centrins2 mutant reduces the increased rates of UV-induced 
centrosome amplification in centrin-deficient cells.  
Quantification of cells of the indicated genotype with aberrant centrosome 24 hours after moc 
treatment (A) and 5J/m2 UV-C irradiation (B). Histogram shows mean + SD of 3 separate experiments 
in which at least 2000 cells per experiment were counted. Statistical analysis was performed using 
Kruskal-Wallis test (non parametric test comparable to a one-way ANOVA, unpaired) and Dunn's 
multiple comparison test. Relevant statistical results are indicated on the histogram as: * = p ≤ 0.05. 
 

5.4  Analysis of the XPC complex in the absence of centrins  

5.4.1  Detection of XPC in centrin-deficient cells 

Since the interaction of centrin with the XPC-HRAD23 complex has been 

proposed to increase its stability (Araki et al., 2001; Popescu et al., 2003), we 

hypothesised that XPC or HRAD23 levels could be affected in the absence of 

centrins. We tested commercial antibodies raised against human XPC to analyse the 

levels of its chicken homologue by immunoblotting. Unfortunately, we were not able 
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 to detect chicken XPC despite the reasonable homology between chicken and human 

proteins (57% identity) and the considerably high homology of the epitope region 

(75% identity).  

 

5.4.2  Cloning and expression of GFP-cXPC in DT40 cells  

To monitor the localisation of the XPC complex during its recruitment to 

DNA lesions, we cloned the coding sequence of the chicken orthologue of XPC. We 

searched the NCBI database and found the predicted sequence for cXPC 

(XM_414379.3/XP_414379.3). To validate the predicted transcript, we compared the 

sequence against the chicken expressed sequence tags (ESTs) database. Although we 

did not obtain EST coverage for most of the predicted transcript, ESTs confirmed the 

start and end of the transcript, which allowed us to design primers to amplify the 

cXPC cDNA by RT-PCR. After confirming the presence of the expected ~3kb PCR 

product by gel electrophoresis, the cDNA amplicon was cloned into pGEM-T easy 

and sequenced. We found that cXPC encodes a 2913bp transcript which translates 

into a 971aa protein. We then subcloned cXPC into pEGFP-C1 for ectopic 

expression of the GFP-cXPC fusion protein (section 2.5.18 and Appendix E). To 

investigate the localisation of cXPC in the presence or absence of centrins, we 

transiently transfected wild-type and centrin-deficient cells with the GFP-cXPC 

construct. 24 hours after transfection, we harvested the cells and performed 

fluorescence microscopy using DAPI to localise the nuclei of cells. Examples of cells 

expressing GFP-cXPC are shown in Figure 5.9. 

 
Figure 5.9  Normal nuclear localisation of cXPC in the absence of centrins. Fluorescence 
microscopy analysis of the transient expression of GFP-cXPC in wild-type and centrin-deficient cells 
stained with DAPI to visualise the DNA (blue). Scale bar, 5µm.  
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In both wild-type and Cetn-deficient cells, GFP-cXPC was commonly found 

to co-localise with DAPI at the cell nucleus. The only exceptions were cells 

undergoing mitotic division, in which GFP-cXPC was dispersed throughout the 

cytoplasm. These observations suggest that the absence of centrins does not affect 

the normal nuclear localisation of cXPC. 

 

5.4  XPC recruitment/mobilisation after DNA damage  

With the aim of testing if centrins are required for the recruitment of XPC to 

UV-induced DNA lesions, we used a pulsed multi-photon laser at 775nm to induce 

sub-nuclear DNA lesions in wild-type and centrin-deficient cells transiently or stably 

expressing GFP-cXPC. This methodology allowed us to monitor the time-dependent 

mobilisation of GFP-cXPC by live cell imaging at laser-induced photo-lesions 

(CPDs and 6-4 photoproducts) within spatially-defined laser stripes (Camenisch et 

al., 2009; Trautlein et al., 2010). First, to validate the use of this procedure in DT40 

cells, laser-irradiated wild-type cells were fixed and stained with an antibody against 

CPDs and Hoechst 33342 dye to visualise the DNA (Figure 5.10A). Once we 

verified that CPDs were being generated upon the laser event, we monitored the 

recruitment/enrichment kinetics of GFP-cXPC at the laser-induced lesions in both 

wild-type and centrin-deficient cells, with high or low levels of GFP-cXPC 

expression (Figure 5.10B). After imaging several cells, we determined the average 

kinetics of GFP-cXPC enrichment in wild-type, centrin-deficient and centrin2 rescue 

cell lines (Figure 5.11C).  
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Figure 5.10 GFP-cXPC recruitment to UV-like-induced DNA lesions is not affected by the 
absence of centrins.  
A.  Immunofluorescence microscopy analysis of a laser stripe-irradiated wild-type cell expressing 
GFP-cXPC and stained with an antibody against CPDs (red). Hoechst 33342 dye was used to visualise 
the DNA (blue).  
B.  Fluorescence microscopy analysis of cXPC enrichment after laser stripe irradiation of wild-type 
and centrin-deficient cells expressing different levels (L-low; H-high) of GFP-cXPC. Scale bars, 5µm. 
C.  Quantitation of GFP-cXPC enrichment after laser irradiation of wild-type (n=36), centrin-deficient 
(n=34) and rescue (n=31) cell lines. Data show mean + SD for each cell line/time point. The 
expression levels of GFP-cXPC in the cells analysed were are normalised against wild-type levels for 
comparison. The average values of GFP-cXPC expression were 1.5x in centrin-deficient cells and 
1.27x in the centrin2 rescue cell line.  
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Previous studies using this procedure in human fibroblasts have shown an 

almost immediate relocalisation of XPC-GFP following DNA damage (Camenisch et 

al., 2009). As shown in Figure 5.11, laser irradiation of both wild-type and centrin-

deficient cells resulted in a rapid accumulation of GFP-cXPC at the laser stripes 

(already distinguishable within 5 seconds). This increase appeared to stabilise 15-40 

seconds after the laser event, with wild-type and centrin2 rescue cells reaching the 

plateau faster than centrin-deficient cells. However, considering standard deviation, 

the differences observed in the kinetics of GFP-cXPC recruitment to DNA damage in 

wild-type and centrin-deficient cells may not be biologically relevant. Besides, on 

their own, these results cannot explain the severe UV-sensitivity seen in the absence 

of centrins. Thus, we conclude that the DNA damage recognition and binding 

abilities of cXPC are not affected in the absence of centrins. 

 

5.5  Discussion 

5.5.1  Centrin-deficient cells can overduplicate their centrosomes following 

genotoxic stress 

We had previously observed robust centriole biogenesis upon Plk4 

overexpression in centrin-deficient cells. However, since previous reports have 

implicated centrins in HU/UV-induced centrosome overduplication (Acu et al., 2010; 

Yang et al., 2010), we also analysed centrosome amplification following these and 

other genotoxic agents. In contrast with the studies mentioned, we found that centrin-

deficient cells have equal or higher rates of centrosome amplification after treatment 

with various genotoxic stress-inducers. These results further support the idea that 

centrins are not a limiting factor for centrosome biogenesis/duplication and also 

suggest a role for centrins in dealing with different types of genotoxic stress. 

 

5.5.2  DNA damage responses in centrin-deficient cells 

To better understand the causes for the increased rates of centrosome 

amplification following UV and IR treatment in the absence of centrins, we 

performed a detailed examination of the DNA damage response in centrin deficient-
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 cells. Our analysis revealed that centrins are necessary for cell survival following 

UV-treatment but not IR. The hypersensitivity of centrin-null cells to UV-C light fits 

the observations previously made in yeast, plants and human cells (Acu et al., 2010; 

Chen and Madura, 2008; Molinier et al., 2004). The absence of defects in the 

response to IR in centrin-deficient cells was unexpected and suggests that the 

increased rates of IR-induced centrosome amplification were not caused by an 

extended cell cycle arrest. Previous results in our lab indicated that the increase in 

Cdk activity following IR is part of the mechanism which leads to centrosome 

amplification (Bourke et al., 2010). As Cdk1 was shown to phosphorylate centrin in 

vitro (Lutz et al., 2001), it is possible that the deletion of centrins may enhance Cdk 

activity on other substrates that regulate centrosome amplification. 

We showed that, following UV treatment, checkpoint activation occurs in a 

timely manner, independently of the presence of centrins. However, we found that an 

extended cell cycle arrest after UV irradiation correlated with the increased rates of 

cell death seen by clonogenic survival in the absence of centrins. This suggested that 

DNA damage-induced checkpoint activation was functional but that DNA repair was 

impaired in centrin-deficient cells. Using CPDs as an example of UV-induced DNA 

damage, we were able to determine the DNA repair kinetics following UV-C 

treatment. We found that centrin-deficient cells retain CPD lesions longer than wild-

type or rescue cell lines. This supports the idea that UV-induced DNA damage 

processing/repair is compromised in the absence of centrins. Since NER is the 

pathway that generally deals with these lesions (de Laat et al., 1999) and centrins 

have been shown to be part of the XPC recognition complex (Araki et al., 2001), we 

show that centrins have a critical role in DNA repair through this particular pathway.  

The mutation of the first amino-acid of the calcium-binding loop has been 

demonstrated to completely disrupt calcium-binding at an EF hand and was 

successfully implemented in a study of Tetrahymena Cen1 (Geiser et al., 1991, and 

Vonderfecht et al., 2011). The only concern with this type of mutation is that it may 

lead to radical changes in the structure of the protein. Even so, we were surprised to 

find that the mutation of all centrin2 EF-hands was still compatible with a robust 

survival following UV treatment. This result was also obtained for the three 

phospho-residues studied (T118; T138; S170), which had been reported to be 

important for centrin functions at the centrosome (Lukasiewicz et al., 2011; Lutz et 

al., 2001; Trojan et al., 2008a; Trojan et al., 2008b; Yang et al., 2010). These results 
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 strongly suggest that all the tested mutant forms of centrin2 are fully functional 

during NER. They also imply that these proteins are still available in the nucleus of 

the cell for the interaction with XPC and other possible functions in NER.  

 

5.5.3  XPC-Rad23-centrin2 recruitment to UV-like induced DNA damage 

sites  

We cloned and expressed cXPC in our DT40 cell lines. As expected, GFP-

cXPC localisation was restricted to the nuclei of both wild-type and centrin-deficient 

cells during interphase (Camenisch et al., 2009). We used this GFP fusion to monitor 

the cXPC complex by live cell imaging after laser induction of UV-like DNA 

damage. 

We successfully detected a rapid recruitment of GFP-cXPC to laser stripes. 

However, no significant difference was detected between wild-type and centrin-

deficient cells, suggesting that the recruitment of XPC and the recognition of DNA 

lesions are not impaired in the absence of centrins. This is consistent with previous in 

vitro data that showed that centrin2 is dispensable for XPC binding to damaged DNA 

and the initiation of NER (Araki et al., 2000; Araujo et al., 2001). Nonetheless, a 

mutant form of XPC unable to interact with centrin2 showed a significant diminution 

of NER activity in an in vitro reaction that monitored the excision of a base lesion 

(Nishi et al., 2005). Thus, together with these reports, our results suggest that 

centrin’s main activity in NER may be downstream of XPC recruitment/binding to 

DNA lesions.  
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Chapter VI  Conclusions and perspectives 

The small and highly-conserved centrins are members of the EF-hand 

superfamily of calcium binding proteins and are unique to eukaryotes. In this study, 

through the use of reverse genetics we were able to examine the requirement for 

vertebrate centrins in centrosomal functions, cell cycle progression and division. 

By analysing the chicken genome, we identified three centrin isoforms and 

showed that all of these are expressed in DT40s and in untransformed cells from 

chicken liver. This suggested that none of these genes have the tissue-restricted 

expression observed for the mammalian Cetn1 and Cetn4 (Hart et al., 1999; Gavet et 

al., 2003). We were able to delete all three centrin genes in DT40 cells and show by 

immunobloting and immunofluorescence microscopy that no other centrin isoforms 

were present. 

Studies in lower eukaryotes and in human cells have suggested that centrins 

are essential for centrosome biogenesis and ultimately cell viability (Baum et al., 

1986; Stemm-Wolf et al., 2005; Salisbury et al., 2002). In our examination of 

centrin-deficient cells, although we found a small growth delay, we did not detect 

any specific cell cycle arrest or mitotic abnormalities. We thus concluded that 

vertebrate cellular proliferation is possible in the absence of centrins. However, since 

cell viability does not preclude abnormal proliferation and the virally infected DT40 

cells have a deficient cell cycle control due to p53 down-regulation (Takao et al., 

1999), our results do not exclude the possibility that non-transformed cells may be 

unable to progress through the cell cycle after centrin depletion. Indeed, in a 

comprehensive study using hTERT-RPE1 cells, the individual depletion of several 

centrosomal proteins, including centrin2, led to a p53-dependent cell cycle arrest in 

G1 phase, suggesting the presence of a centrosomal integrity checkpoint and that 

centrin2 is required for the normal cell cycle progression of non-transformed human 

cells (Mikule et al., 2007).  

The impact of centrin deficiency on basal body duplication has been well 

documented in lower eukaryotes, but centrins requirement in centrosomal functions 

is less clear in vertebrate cells. A striking phenotype was observed after RNAi 

depletion of centrin2 in HeLa cells, namely the inhibition of centriole biogenesis. 

Cells with at least 2 centrioles continued to undergo centrosome separation, 
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 progressed through the cell cycle and divided (Salisbury et al., 2002). However, 

other laboratories recapitulated these experiments and although they observed the 

expected decrease on centrin2 labelled centrioles, no noteworthy effect was detected 

on SAS-6 recruitment or the number of γ-tubulin foci per cell (Strnad et al., 2007; 

Yang et al., 2010). Our detailed analysis by light and electron microscopy led us to 

conclude that centrin-deficient centrosomes have a robust composition and 

ultrastructure. Given that centrin-deficient cells use mother centrioles as templates to 

orthogonally nucleate procentrioles we also concluded that the centrosome 

duplication process occurs through the normal canonical pathway (Dantas et al., 

2011). In our cPlk4 overexpression experiments we confirmed that centrin-deficient 

cells undergo robust Plk4-induced procentriole biogenesis in concordance with a 

previous knockdown study performed in human U2OS cells (Kleylein-Sohn et al., 

2007). In the study cited, no defects were detected in the typical recruitment of key 

duplication components to the nascent procentrioles or in their subsequent behaviour.  

 It has also been suggested that the loss of centrin3 in U2OS cells results in 

the loss of centrosomal anchorage of microtubules and the disruption of their radial 

organisation, possibly by affecting the centrosomal recruitment of ninein 

(Dammermann and Merdes, 2002). In our analysis of centrin-deficient cells, we did 

not detect changes in the structure of the microtubule network. We have also shown 

that subdistal appendages can still anchor microtubules and that ninein recruitment to 

centrosomes is not significantly affected. Furthermore, we were able to show by 

microtubule re-nucleation analysis that centrosomes retain MTOC functions and 

tolerate mitotic progression after nocodazole release (Dantas et al., 2011). 

To continue our examination of centrin’s functions at the centrosome, we 

performed mutagenic analysis of centrin2. Surprisingly, we found that the key Mps1, 

CK2 and Aurora-A phosphorylation sites tested do not strongly influence the 

centrosomal recruitment of centrins and did not alter the rate of centrosome 

amplification following UV treatment. However we found that the localisation of 

centrin2 to centrioles is dependent on functional EF-hands, in concordance with the 

results recently obtained for TtCen1 in Tetrahymena (Vonderfecht et al., 2011).  

While testing if the centrosomal localisation of cPOC5 was disrupted by the 

deletion of centrins, we found that the overexpression of this centrin interactor leads 

to the assembly of defined, linear structures in wild-type DT40 cells. Despite their 

apparent resemblance to primary cilia, immunofluorescence and electron microscopy 
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 imaging suggested that these structures are not necessarily elongated from 

centrosomes and may not be connected to microtubules. Nevertheless, it was 

interesting to find that these structures can only form in the presence of centrins and 

that the mutation of all four EF hands of centrin2 dramatically decreases their 

frequency. Since hPOC5 has been shown to be necessary for complete centriole 

elongation in human cells (Azimzadeh et al., 2009), these results raise the possibility 

that centrins may also cooperate in POC5 functions. Centrins have been typically 

associated with centrosome biogenesis or separation in previous studies (Lutz et al., 

2001; Salisbury et al., 2002; Tsang et al., 2006), but  never (to our knowledge) 

implicated in centriole elongation. We have shown that centrin-deficient cells can 

mature their centrosomes and assemble appendages as confirmed by ultrastructural 

analysis and by the detection of at least one ninein spot per centrosome (γ-tubulin 

focus) (Dantas et al., 2011). However, a recent study has shown that centrin2-

depleted procentrioles have a delay in CP110 incorporation at the beginning of S-

phase (Yang et al., 2010). CP110 has been shown to interact with centrins and to 

localise to the distal ends of centrioles where it functions as part of a cap that 

regulates their length (Kleylein-Sohn et al., 2007; Tsang et al., 2006). During 

ciliogenesis, CP110 is lost from the mature basal body allowing the extension of 

ciliary axonemes (Spektor et al., 2007). One can speculate that a delay in CP110 

incorporation or a decrease of its levels at the tips of procentrioles might be a 

compensatory response to an hypothetical less efficient centriole elongation in the 

absence of centrins. Therefore it would be of interest to monitor the incorporation 

and levels of CP110 at the distal ends of centrioles in centrin-deficient cells to test 

this hypothesis. Another possibility would be to analyse the dynamics of centriole 

overelongation by overexpressing other proteins that are involved in the control of 

centriole length, such as CPAP (CenpJ) (Kohlmaier et al., 2009; Schmidt et al., 2009; 

Tang et al., 2009), POC1 (Keller et al., 2009) or Cep97 (Spektor et al., 2007). While 

CPAP, POC5 and POC1 appear to influence directly the elongation of microtubules, 

the overexpression of Cep97 sequestrates CP110 away from the distal tips of 

centrioles (Spektor et al., 2007). Interestingly, in all the cases mentioned, centrins 

were found to perfectly co-localise with the overelongated centrioles, similar to our 

observations in cPOC5-induced structures. Through the comparison of centriolar 

elongation induced by these various methods in the presence and absence of centrins 

we should be able to define if centrins are required for the robust elongation of 
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 centrioles or if the centrin-dependency of the assembly of defined, linear structures 

induced upon cPOC5 overexpression is merely due to the direct interaction between 

these proteins and the known tendency for centrin self-aggregation (Tourbez et al., 

2004; Yang et al., 2006). 

Recent work in zebrafish embryos has shown that Cetn2 knockdown results in 

reduced cilia numbers and defective cilia beating. Furthermore, centrin2 depletion 

also leads to developmental defects in kidney, olfactory bulb and other abnormalities 

very similar to phenotypes observed in models of ciliopathies (Delaval et al., 2011). 

Unfortunately, since DT40 is a lymphoid cell line and therefore do not assemble 

primary cilia (Alieva and Vorobjev, 2004), we were unable to test centrin’s role in 

ciliogenesis using our centrin-deficient cells. Nonetheless, a requirement for centrins 

in ciliogenesis is consistent with the preferential association of centrins with the 

mother centriole, their enrichment at the distal lumen and restricted expression 

pattern to ciliated/flagellated cells of some centrin isoforms (Gavet et al., 2003; Hart 

et al., 1999; Paoletti et al., 1996). Additionally, centrin2-like isoforms were found to 

directly bind ciliary microtubules in the photoreceptor cilium where they interact 

with transducin and are regulated by CK2 (Trojan et al., 2008a; Trojan et al., 2008b). 

The involvement of centrin in contractile responses at the distal ends of basal bodies 

is well established from many studies in lower eukaryotes [reviewed in (Zhang and 

He, 2011)]. Based on the multiple centrin-interacting sites described in the centrin 

interactor, Sfi1p (Kilmartin, 2003), it was proposed that the calcium-responsive 

movement of centrins on a fixed core Sfi1p molecule could allow the contractile 

response of an extended multimeric filament (Salisbury, 2004). In this context is 

interesting to note that the decrease in primary cilia assembly observed upon centrin2 

depletion is also observed after hSfi1 knockdown in RPE1 cells (Graser et al., 2007; 

Mikule et al., 2007). As mentioned above, we were able to show that distal and 

subdistal appendages can assemble in the absence of centrins. However, we also 

observed distinct and occasionally apparently abnormal organisation patterns of these 

structures. Although this might be influenced by the cell cycle stage, these 

observations appear to hint at a possible involvement of centrins in correct 

appendage organisation/function. The proper attachment of basal bodies to the 

membrane during cilia assembly was suggested to depend on the presence and 

functionality of distal appendages (Ishikawa et al., 2005; Graser et al., 2007). 

Therefore, a hypothetical involvement of centrins in appendage conformation or in 
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 centriole elongation/capping could in theory justify some of the ciliary defects 

observed in the absence of centrins. 

Interestingly, many of the unicellular organisms in which centrins have been 

ascribed an essential role, have striking ciliation requirements for their lifestyle. In 

these organisms, the newly assembled basal bodies migrate to the cell’s cortex to 

undergo ciliogenesis. As they remain ciliated throughout the cell cycle, the following 

round of basal body duplication occurs from ciliated templates (Pearson and Winey, 

2009; Carvalho-Santos et al., 2011). Conversely, centrosome duplication in higher 

cells does not necessarily involve a ciliation stage and ciliogenesis inhibition does 

not seem to prevent centriole biogenesis (Ishikawa et al., 2005; Graser et al., 2007; 

Kobayashi and Dynlacht, 2011). One hypothesis to explain the variability of 

phenotypic outcomes from reverse genetic experiments in vertebrate cells is that the 

role for centrins in ciliogenesis may indirectly affect subsequent events, namely basal 

body biogenesis. This possibility is supported by the results obtained in Paramecium 

in which centrin depletion only resulted in the inhibition of basal body assembly after 

failure to position or insert a basal body in the cortex for ciliogenesis (Ruiz et al., 

2005). This could also explain the variable outcomes of centrin depletion observed in 

different cell types or organisms.  

 

In human cells, the stability and activity of the XPC complex has been 

reported to depend on centrin2 binding (Araki et al., 2001; Nishi et al., 2005). The 

presence of centrins was shown to be necessary for a robust survival of yeast and 

plants following UV treatment (Chen and Madura, 2008; Molinier et al., 2004). 

Additionally, the partial and supposedly lethal depletion of centrin2 by shRNA was 

reported to interfere or delay the resolution of UV-induced 6-4 photoproducts (Acu 

et al., 2010). We have also highlighted and characterised a role for all centrins in 

DNA repair. Centrin-deficiency highly sensitised DT40 cells specifically to UV 

irradiation (not IR), with Cetn3 deficiency exacerbating the sensitivity of Cetn4/ 

Cetn2 double mutants. We have shown that the DNA damage checkpoints are 

functional, but repair of UV-induced DNA damage was delayed in centrin nulls 

(Dantas et al., 2011). In an attempt to dissect the residues important for centrins’ 

activity in NER we found that all our centrin2 mutants were able to fully rescue the 

UV-hypersensitivity phenotype observed in centrin-deficient cells. These mutant cell 

lines also showed similar rates of UV-induced centrosome amplification when 
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 compared with wild-type cells, even the mutant that does not bind calcium and thus 

weakly localises to the centrosome. Altogether these results suggest that the 

centrosomal and nuclear pools of centrin perform distinct, uncoupled functions. 

Finally, we have shown that the recruitment of XPC and the recognition of DNA 

lesions are not impaired in the absence of centrins which is in agreement with the 

ability of XPC to bind to damaged DNA in vitro and initiate NER (Araki et al., 2000; 

Araujo et al., 2001). Taking into consideration that a significant diminution of NER 

excision activity occurs if XPC is unable to interact with centrin2 (Nishi et al., 2005), 

our results suggest that centrin’s main activity in NER may be downstream of XPC 

recruitment/binding to DNA lesions.  

Interestingly XPC has been shown to be ubiquinated and SUMOylated 

following UV irradiation (Sugasawa et al., 2005; Wang et al., 2005). Generally, 

ubiquitylation targets proteins for proteasome degradation. Unexpectedly, UV-

induced XPC ubiquitylation appears to enhance its affinity for DNA lesions instead 

of promoting its degradation (Sugasawa et al., 2005). This is thought to be mediated 

by XPC’s interaction with HRAD23, which functions as a proteasome-targeting 

vehicle for polyubiquitinated proteins and is known to control XPC stability (Ng et 

al., 2003; Okuda et al., 2004). Likewise, the control of Rad4p stability is also 

dependent on Rad23p and Cdc31p, both of which have been shown to interact 

directly with proteasomal components, as well as with polyubiquitinated proteins, 

thus regulating the stability of its interactors (Ortolan et al., 2004; Chen and Madura, 

2008). It was proposed that SUMOylation might stabilize XPC by inhibiting its 

degradation. Additionally, since XPC- HRAD23 was found to be released from the 

DNA lesion after the initial recognition step and the assembly of the excision 

nuclease (Wakasugi and Sancar, 1998), it was also speculated that SUMOylation 

could decrease the affinity of XPC binding to DNA damage thereby facilitating its 

removal and allowing the recruitment of the following NER repair factors (Wang et 

al., 2005). It is interesting to hypothesise that centrin interaction with XPC might 

regulate the occurrence of these XPC post-translation modifications after UV 

affecting its stability, DNA binding and ultimately NER progression.  
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To conclude, our results demonstrate that centrins are dispensable for 

centrosome biogenesis/duplication in DT40 cells. Overall, the data point towards 

ciliogenesis being the major function of centrins at the centrosome of vertebrate 

cells. We have also demonstrated for the first time in vertebrate cells a major 

requirement of centrins for survival following UV treatment and that robust repair of 

DNA lesions through nucleotide excision repair requires at least the presence of a 

centrin2-like isoform. We have also shown that centrin’s main activity in NER is 

probably downstream of XPC recruitment. These findings increase our 

understanding of centrin functions at the centrosome and in DNA repair in vertebrate 

cells. 
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Appendix A. Clonogenic plating numbers 

Table A1  Cell plating numbers for IR clonogenic survival 

Treatment/dose Cell lines/plating numbers 

IR (Gy) All  

0 100 

2 200 

4 1000 

8 10000 

Table A2  Cell plating numbers for UV clonogenic survival 

Treatment/dose Cell lines/plating numbers 

UV (J/m2) Wild-type 

Cetn single 
nulls; 

rescue lines; 
myc-centrin2 

mutants 

Cetn4/2 
double nulls 

and 
centrin3 
rescue  

Cetn triple 
nulls 

0 100 100 100 100 

2.5 150 200 300 600 

5 300 500 600 1500 

10 2000 3000 10000 50000 

15 10000 15000 50000 150000 

20 50000 100000 150000 200000* 

 

 

 

 

 



 

 
160 

 

 
  

Appendix B.  List of primers 

Table B1  Primers used for PCR-based cloning  

Primers Used in 
the cloning of: Sequence (5’ to 3’) 

Cetn4 cDNA 
 

CGGAATTCGATGGCGTCCAACTATAGA 
CGGGATCCCTAATATAAGCTCGTTTTCTT 

Cetn2 cDNA 
 

GAAGATCTTCTATGGCCTCCAGCTTCAAGAA
G 
CGGGATCCTCAGTAAAGGCTGGTCTTCTTC 

Cetn3 cDNA CGGAATTCGATGAGCGTGTGAAGGGG 
CGGGATCCTTAAATATCTCCAGTCATAATAG 

LOC422304 
cDNA 

GAATTCTATGGTGAGGCCCGCTGGGCAC 
TCTAGATTACAGGTCAGTCAATGTCAGAATC 

Cetn4  5’ 
homology arm 

GCACAGGCTTGCTGAAAGGATGCACTGC 
CTGCTTGCGGCCGCACCGCGCCGGGATC 

Cetn4   3’ 
homology arm 

GGATCCGATTTGTTGCCTTACAGCTGTTCC  
CAGTATCCATTCCAGCCTTGCCTTGAGT  

Cetn2   5’ 
homology arm 

CCTAAGAATCCGGAGCCACCAATCA  
TGCTCAACACTACCCTTCCCCATTG  

Cetn2   3’ 
homology arm 

GGATCCGTTGCTTGTTTGCTGCGCTCGTAAG  
GTCGACTGCCTTTATTCACCTCACGCACAGG  

Cetn3   5’ 
homology arm 

CTTTGTGCAACGGCTCATTGTC  
GGATCCAGACTACTGCGCTGCCACTCAAG  

Cetn3  3’  
homology arm 

GGATCCGCAGCTTGACCAGGAGTACTTTG  
TGAAGGGTAAACTCAGAATGACAGA  

Cetn4 probe GCACAGTCTGTCTAAAGCAGACGTATGC  
CTGAGGGCAATGGGAATAGATGATGCTG  

Cetn2 probe GACAAAGCTTGGCCAGGATATTCCA  
GCAGCTCCTCGTCTGTGATGTCTTC  

Cetn3 probe AGGACGGAGATGGAGAAAGTAAGT  
TCACAATAATGACACACTGCTGCT  

β-actin cDNA GCTAGAGGCAGCTGTGGC 
ATGGATGATGATATTGCT 

cPOC5 cDNA ATAGCTAGCATGGAGCAACTTTGCCCTGTTTC 
CGCGAATTCGGTCAACAACTTTTATTGACTG 

cXPC cDNA 1st 
part 

GCTAGCATGGCGAGGAAGCGCAAAG 
TCCCATCGTTGTCAAATCCCA 

cXPC cDNA 2nd 
part 

GGACACACAATCGCTGGAGAC 
TCTAGATCACAGTTTTTCAAAAGGAAACAAC 

Cetn2 cDNA 
T118A  

GCATTTAAGCTCTTTGATGATGATGAAGCTGG
CAAAATCTCTTTCAAAAACCTC 
GAGGTTTTTGAAAGAGATTTTGCCAGCTTCAT
CATCATCAAAGAGCTTAAATGC 
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Cetn2 cDNA 
T118E 

CATTTAAGCTCTTTGATGATGATGAAGAGGG
CAAAATCTCTTTCAAAAAC 
GTTTTTGAAAGAGATTTTGCCCTCTTCATCAT
CATCAAAGAGCTTAAATG 

Cetn2 cDNA 
T138A 

GCCAAAGAACTGGGTGAAAACCTTGCAGATG
AAGAGCTGCAGGAAATG 
CATTTCCTGCAGCTCTTCATCTGCAAGGTTTT
CACCCAGTTCTTTGGC 

Cetn2 cDNA 
T138E 

GCCAAAGAACTGGGTGAAAACCTTGAAGATG
AAGAGCTGCAGGAAATG 
CATTTCCTGCAGCTCTTCATCTTCAAGGTTTTC
ACCCAGTTCTTTGGC 

Cetn2 cDNA 
S170A 

GAATTCTTGAGGATCATGAAGAAGACCGCCC
TTTACTGAGGATCCCCCGGGCTGC 
GCAGCCCGGGGGATCCTCAGTAAAGGGCGGT
CTTCTTCATGATCCTCAAGAATTC 

Cetn2 cDNA 
S170E 

CTTGAGGATCATGAAGAAGACCGAGCTTTAC
TGAGGATCCCCCGGGCTG 
CAGCCCGGGGGATCCTCAGTAAAGCTCGGTC
TTCTTCATGATCCTCAAG 

Cetn2 cDNA 
D41A 

CCGGGAGGCCTTCGACCTGTTTGCCACAGAT
GGCACTGGGAATATAGATG 
CATCTATATTCCCAGTGCCATCTGTGGCAAAC
AGGTCGAAGGCCTCCCGG 

Cetn2 cDNA 
D77A 

CAAGAAAATGATATCAGATATTGCGAAGGAA
GGAACAGGAAAAATCAG 
CTGATTTTTCCTGTTCCTTCCTTCGCAATATCT
GATATCATTTTCTTG 

Cetn2 cDNA 
D114A 

GATTCTCAAAGCATTTAAGCTCTTTGCTGATG
ATGAAACTGGCAAAATC 
GATTTTGCCAGTTTCATCATCAGCAAAGAGCT
TAAATGCTTTGAGAATC 

Cetn2 cDNA 
D150A 

CTGCAGGAAATGATTGATGAAGCAGCTAGAG
ATGGGGATGGGGAAGTG 
CACTTCCCCATCCCCATCTCTAGCTGCTTCAT
CAATCATTTCCTGCAG 

 

Appendix C. Full length chicken LOC422304 cDNA  

    1 ATGTTCGACC CCGACGGCTC CGGACTGATG GATGTCGAGG ACCTGAAGAT 
   51 AACCATGAGA GCTCTGGGCT GTGAAGTGAG GAAAGCGGAG ATGAAGAGAA 
  101 TTATCTCTGA AGTTGATCAG AATGGGTCAG GGAAGATAAA CTTTGAGTCA 
  151 TTTCTGCGGG TGATGACCCA GAAAATGGCA GAGCCGTTTT CAAAAGAGGA 
  201 GATCCTGAAA GGTTTCAAGC TGTTTGATTA TGATGGCACT GGCAAGATCT 
  251 CCTTTGAGAA ACTCAAGCTG GTGGCTGGTG AGGTTGAAGA AGACATCACA 
  301 GACGAGGAGC TGCAGGAGAT GATTGATGAA GCAGACGTGG ATGGAGATGG 
  351 GGAAGTGGAT CCAGAAGAGT TTTTGCGGAT TCTGACATTG ACTGACCTGT 
  401 AA 
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Appendix D. Full length chicken POC5 cDNA  

      
     1 ATGGAGCAAC TTTGCCCTGT TTCAGAAGAG ACTTCCTCAC AAGAGTCCAC 
    51 ACACGTTGCA AGAGAAATTG ATGAAGCCAT AGTAACTGAA TTAACTGTGC 
   101 CTGATGAAAA AGTTTCTCAA ATAGAAAATA TACTTGATCT CTGGAGTGGA 
   151 AGTCTTAAGA CAAATGTTTT GAGTGAATTA AGAAAATGGA AATTAAGTTT 
   201 TATCGAACAT CACAAGCATC AAATGAGACA GGAAAAAGAG AAACATGCTG 
   251 AACATGTGAA ACAATTGAAC AATGAGATGG AAAACCTGAA AGAGTTGCTA 
   301 CGTACTTATG AGATCTCTAT TGGCAGAAAA GATGAGGTTA TTACTAACAT 
   351 GACAGAAGCA TTAGAGAGGA AGAAAGAGAA AATAGAGTTA ATGAGAAAGT 
   401 TTACACTGTG GCGGATTCAG CAAATTAAAG CTAAACAAGA GGATTATGCA 
   451 AACAGAATTG CAGATAAACA GTTCCAGACA GCTTTGAAGA AGAAGGTATG 
   501 GACAGCGTGG CGCTCTCTTA GTGAAGAAAG ATGGAAAGAA AAAGTAGCTA 
   551 AAGCCTGTCA GTTAAGGGCA GAAGATATCT GTGTTCAGCT TACCAATGAT 
   601 TATGAAGCCA AAATTGCAGA GCTAACTGCT ACTTTGGAAC AAACAAAAGC 
   651 TGAGATTCTG CGTCTGCACA GTGAAAAAGA GCAGTATGAA GACACTATGA 
   701 AGAAAGCATT TATGCGTGGT GTTTGTGCTT TGAATCTGGA AGCAATGACC 
   751 ATGTTTCAAG GCAAGGACAA TAGGATGGAT CCCGATGCAG GAAGCAGGAG 
   801 AGAAGATAAT GGTGCCATTA TAGCAGGAAG GCTACCTCCT TCACAGTACA 
   851 GTCCCCCTTC ACCACCCCCT GCGCCAGCGA CTACTCTTCA GATGGAAGAC 
   901 TTGTTTTCTA CCCACCTGGG TCATGCAAGC ACTTCTCAGA CCAGGCTAGA 
   951 TTCTGATTCT CCAGTAATCA TCCCTGGCAC AGCTTCAGGA TCTGGACTGG 
  1001 CATCAACTCA AAAATTGCCC ATGGCAAAAG TAATAACATC TGCTCAACAG 
  1051 AAAGCAGGGA GAACAATCAC TGCTCGAATC ACAGGCAGAT CTGACATGGG 
  1101 ACAAAAACAC AGAATTTGTG GTAGTGTAGC AGTGATGGGA GTTGCTCCAC 
  1151 CCATGAGTTC GGTCATTGTT GAAAAACATC ATCCGATTAC TCAGCAAACC 
  1201 ATATCCCAAG CCACAGCTGC TAAATATCCT CGAACTGTGT TCCTTGCTTC 
  1251 GGGTTCTACA ACTGTGAGAC CTGCAGGACA AGTTGGGCGA ATGCTTCAGA 
  1301 GCCAAACTCA TACCAGTGTT CAGTCAATAA AAGTTGTTGA CTGA 

 

Appendix E. Full length chicken XPC cDNA  

     1 ATGGCGAGGA AGCGCAAAGC GTCTGTCCCG CGGGCGCCTG CCGGCAAAAG 
    51 GCGGCCCGGG GGGGCGGGAG TGCGGCGGGA ACGTGAGGAG GAACGTGAGG 
   101 AGGAACGTGA GGAGGAACGT GAGGAGGAAC GTGAGGAGGA ACGTGAGGAG 
   151 GAACGTGAGG AGGGTGATTT TGTAGAGGAA AAACGCAGCG TAAAGAAGAG 
   201 CAGAGCCGGA GTTGCAGCTT GGAAGGAGGA TGATGGTGGT GCCGGAGCTG 
   251 CCAAGTCAGC AAATACCCCT TCAAAACAAA AAGGGGTAAA ACGGCAAGCA 
   301 AAAGAAAATG AGATAAGCCC TGAAAATAAA GGGACTCGTC ACAAAGAGCA 
   351 AACGTGCAGT GACTCACGGA AGGCCCCTCG GAAGGAGATA AAATTGAAGA 
   401 GAGAATCTCC TATTAAAAAA GAGATGGATG AAGACAATAC TGATGATGAT 
   451 GACGATGATG AAAGTGAAGA TGAATGGGAG GACGTGGAGG AACTCCAAGA 
   501 GCCTGCCACA GATAAGTTAG AAGAAAGTGC TGTTCTTCCA GCGGTGGTGC 
   551 TGCCAAGCAA TCCTGTCGAG ATAGAGATTG AAACCCCAGA ACAACTTAAG 
   601 AAAAGAGAGA GAAGAGAGAA AAGGAAAGCT GAGTTTGAGA CTTATGTTCG 
   651 GAGAATGATT AAACGTTTCA CTAAGGAAGT TCGTGAGGAC ACACATAAGG 
   701 TTCATCTCTT GTGTTTATTA GCAAATGGTT TCTATAGGAA CAGGATCTGC 
   751 AGCCAGCCAG ATCTTCATGC CATTGGTCTA TCCATCATCC CTATACACTT 
   801 CACAAAAGTT CCTGCAGGCC AAGTGGACCT TCTCTACATT TCCAACTTGG 
   851 TGAAATGGTT TGTTGGAACC TTCACAGTCA ATGATGAGCT TTCCACTGAA 
   901 AAAGGAGAGC CCCTTCAGTC GACCTTGGAG AGGCGCTTTG CCATCTATGC 
   951 TGCACGAGAT GATGAAGAGT TGGTTCATAT ATTTTTAATT ATTCTCAGAG 
  1001 CGTTGCAGCT GCTGTGTCGC CTCGTGCTGT CCTTACAGCC CATTCCTCTC 
  1051 AAGGAGACGA AGGCAAAGGA AAAAAGCACA TCCAAGAAGC AGTCGCTCAG 
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  1101 CAGTACCTCT GAGGGGCAGG AGAGCTCAGG CACAACACCA AAAGCTGTGG 
  1151 CAAAAAAGTG CCCCTGCAAA AAAGCCAAAC GGGATGAGAA ATCATCAGGG 
  1201 AGTGAAGAAG ACAATGAGGA GTCAAAGAAA ACAAAAAGTG CTCAGACCGA 
  1251 AAGGACACAC AAGTCAAAAC TGACAGCAGG CAACAGGGAA CAGAAAGAAA 
  1301 CTAGGAATGT GGACAGTGGT TTAAGGGAAA AAGATGTGCC GGTCAGGCCC 
  1351 AAGAACAGTC GCTGGAGACG AGTGGCCTCC AAAGTGTGTT ACAAAGAAGA 
  1401 GAGTGGAAGT GATGAGGGCA GTGTTTCTGA CTTTGAGATT TCAGGAGAGG 
  1451 AAAGTGATAT CTCTGATGAG GACTTTGAAA CTGTCTCTAA AAAGCGGAGA 
  1501 AGCTCACAAG GTGCCCAGAA ATCAAAGGTA ATGACTGTAA AAAGCCCTAA 
  1551 AAGTGAGACT TCAGAATCAA GGCTATCCAG AAATTCTTTG GGAGTTGAGC 
  1601 CAAGACCTCA TGCACAGAGA AAGAGAAACA AAATAATTTC TAGTGATGAG 
  1651 GATGATGGGC AGCAGATGGT ACGGAAAGTG GTTGGCACAG ACCAGTGGCT 
  1701 AGAGGTTTTC CTTGAACGTG AGGACAGGTG GGTGTGTGTA GACTGTGTTC 
  1751 ATGGCATTGT TGGCCAACCC CAGCAGTGCT TCACATATGC CACAAAGCCA 
  1801 CTTTCCTACA TTGTGGGATT TGACAACGAT GGGAGCGTCA AGGATGTGAC 
  1851 ACAAAGATAT GACCCAGTGT GGATGACGAT GACAAGGAAA AAACGTGTGG 
  1901 ACCCTGAGTG GTGGGAAGAC ACACTGCAGC CATATAAAAG TCCCTTTGTG 
  1951 GACAGAGACA AGAAGGAGGA AACGGAGTTT CAGGTTAAGC TTCAGGATCA 
  2001 GCCTCTACCA ACAGCAATTG GAGAGTACAA AAACCACCCT CTGTATGCAC 
  2051 TGAAGAGGCA TCTATTGAAA TATCAGGCCA TCTATCCTGA GTCAGCTGCT 
  2101 ATCCTAGGGT ACTACAGGGG AGAGGCTGTT TACTCGAGAG ACTGTGTACA 
  2151 CACACTCCAC TCCAAGGACA CTTGGCTTAA GCAGGCTCGA GTGGTGAGGA 
  2201 TTGGAGAAGT GCCTTACAAA ATGGTGAAGG GCTATTCCAA CCAGGCAAGG 
  2251 AAGGCACGCC TTGCAGAGCC TGCAAACCGG GACAAAGCGG ACCTGGCGCT 
  2301 GTTTGGTCGC TGGCAGACAG AGGAGTATCA ACCGCCCATA GCAGTGGATG 
  2351 GAAAGGTTCC TCGGAATGAA TATGGAAACG TCTATCTCTT CCTGCCCTCT 
  2401 ATGTTACCCA TTGGTTGTGT GCAGCTTAGA CTCCCCAACC TGAACAGATT 
  2451 GGCACGGAAG CTGGACATTG ACTGTGCTCA GGCTGTCACT GGATTTGACT 
  2501 TTCATGGTGG CTACTCACAC GCAGTTACTG ATGGCTATGT TGTCTGTGAA 
  2551 GAATATAAAG AAGTGCTCAT TGCTGCCTGG GAGAATGAAC AAGCAGAAAT 
  2601 AGAAAAGAAG GAGAAGGAGA AGCGTGAGAA GAGAGCTCTG GGGAACTGGA 
  2651 AGTTGCTGAC AAAAGGACTT CTCATTAGAG AGAGACTGAA GCAACGCTAC 
  2701 TCCATCAAGG TTGAGCCATC AGCACCTGAG ACAGAGAAAG GAGGAGGATT 
  2751 CTCCTCTGAT GAAGAAGGCC CGAGTTCAGG GACTGCAGGA GGAGGCATGG 
  2801 AAATTTTTTG GCCCCGAAAT CGCCAGGCAG AGAAGCAGAA AGAGAAGACA 
  2851 ACTAGAAAAA GCAAGCAAGA AAAGAAGGAA GAAGCAGCAC AGTTGTTTCC 
  2901 TTTTGAAAAA CTGTGA 

 

 

 

 

 

 

 

 



 

 
164 

 

 
  

Appendix F.  Scientific communications  

Manuscripts 
 
Dantas TJ, Wang Y, Lalor P, Dockery P, Morrison CG (2011). Defective nucleotide 
excision repair with normal centrosome structures and functions in the absence of all 
vertebrate centrins. J Cell Biol 193: 307-18. 
 
Dantas TJ, Daly OM, Morrison CG (2012). Such small hands: the roles of centrins/ 
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the pericentriolar materia”; 
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roles of centrin isoforms in a vertebrate cell line” (and) Wang Y, Dantas TJ, 
Morrison CG. “Reverse genetic analysis of pericentrin”; 
 
American Society for Cell Biology 49th annual meeting, San Diego, USA, December 
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Introduction
Centrioles are cylindrical subcellular structures found in eu-
karyotic cells that consist of nine sets of microtubules, generally 
triplets, arranged symmetrically to form a barrel-like shape. 
They nucleate cilia and flagella and anchor the pericentriolar 
material (PCM) to form centrosomes, the principal microtubule- 
organizing centers in animal somatic cells. Centrosomes organize 
the interphase cytoskeleton and the bipolar mitotic spindle and 
thus contribute to the appropriate segregation of chromosomes 
during cell division (Nigg and Raff, 2009).

Centrins (caltractin) are small, highly conserved proteins 
that contain four calcium-binding helix-loop-helix EF hand 
domains. Originally identified as a major component of the 
calcium-responsive striated flagellar root structure in the green 
alga, Tetraselmis striata (Salisbury et al., 1984), centrins have 
been described in a wide range of eukaryotes, including mam-
mals (Huang et al., 1988; Lee and Huang, 1993; Ogawa and 
Shimizu, 1993; Errabolu et al., 1994). A centriolar localization 

of centrin was initially established in lower eukaryotes (McFadden 
et al., 1987; Salisbury et al., 1987, 1988; Salisbury, 1995), 
with subsequent work in mammalian cells localizing centrin 
to the PCM as well as to the distal lumen of centrioles (Baron 
et al., 1992; Paoletti et al., 1996). GFP-tagged centrin2 has 
become widely accepted as a robust marker for centrioles in 
live cells (White et al., 2000; Higginbotham et al., 2004; Kuriyama 
et al., 2007).

Four centrin isoforms have been described to date in mam-
malian cells. All are related to calmodulin, as was observed in 
the initial cloning of centrin from the biflagellated green alga, 
Chlamydomonas reinhardtii (Huang et al., 1988). Sequence 
analysis assigns them either to a subfamily related to budding 
yeast CDC31 or to one more homologous to the C. reinhardtii 
centrin (Middendorp et al., 1997, 2000). Centrin1 and centrin2 
are closely related to one another (Lee and Huang, 1993; Errabolu 
et al., 1994), with centrin2 being ubiquitously expressed and 
centrin1 being more restricted to male germ cells, neurons, and 

The principal microtubule-organizing center in ani-
mal cells, the centrosome, contains centrin, a small, 
conserved calcium-binding protein unique to eukary-

otes. Several centrin isoforms exist and have been impli-
cated in various cellular processes including nuclear export 
and deoxyribonucleic acid (DNA) repair. Although centrins 
are required for centriole/basal body duplication in lower 
eukaryotes, centrin functions in vertebrate centrosome 
duplication are less clear. To define these roles, we used 
gene targeting in the hyperrecombinogenic chicken DT40  
cell line to delete all three centrin genes in individual clones. 

Unexpectedly, centrin-deficient cells underwent normal 
cellular division with no detectable cell cycle defects. Light 
and electron microscopy analyses revealed no significant 
difference in centrosome composition or ultrastructure. 
However, centrin deficiency made DT40 cells highly sensi-
tive to ultraviolet (UV) irradiation, with Cetn3 deficiency 
exacerbating the sensitivity of Cetn4/Cetn2 double mu-
tants. DNA damage checkpoints were intact, but repair of 
UV-induced DNA damage was delayed in centrin nulls. 
These data demonstrate a role for vertebrate centrin in 
nucleotide excision repair.

Defective nucleotide excision repair with normal 
centrosome structures and functions in the absence 
of all vertebrate centrins
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been described, along with a function for centrins in mRNA and 
protein export in yeast and vertebrates (Fischer et al., 2004;  
Resendes et al., 2008). A further role for centrins lies in nucleo-
tide excision repair (NER), a DNA repair process that acts to re-
move various base lesions from DNA, notably those induced by 
UV irradiation: 6–4 photoproducts and cyclobutane pyrimidine 
dimers (CPDs). There are two subpathways of NER: transcription- 
coupled NER, which acts rapidly to remove lesions that block 
transcription, and global genome repair, which is less rapid but 
can act genome wide. Centrin2 is found in a complex with the 
xeroderma pigmentosum group C (XPC) gene product, a com-
ponent of the DNA damage recognition complex of global ge-
nome repair (Sugasawa et al., 1998). Centrin helps to stabilize 
XPC in its complex with HRad23B (Araki et al., 2001). This 
occurs through direct interaction of centrin2 and XPC, with 
centrin2 stimulating NER in vitro (Nishi et al., 2005). Binding 
experiments have indicated that amino acids 847–866 in the 
C terminus of human XPC are sufficient for its interaction with 
centrin2 (Popescu et al., 2003; Nishi et al., 2005; Thompson et al., 
2006). Fibroblasts that express XPC mutants incapable of inter-
acting with centrin2 showed impaired resolution of UV-induced 
DNA damage (Nishi et al., 2005), and partial centrin knock-
down by RNAi delayed the clearance of 6–4 photoproducts in 
MCF-7 cells (Acu et al., 2010). Mutation of the Arabidopsis thali-
ana Cetn2 orthologue caused UV sensitivity and DNA repair 
defects, which were accompanied by a hyperrecombinogenic 
phenotype in a reporter assay (Molinier et al., 2004). Collec-
tively, these findings implicate centrins in multiple cellular 
activities away from the centrosome.

We are interested in the interplay between centrosomes 
and the DNA damage response (Dodson et al., 2004; Bourke  
et al., 2007). Disruption of centrosome duplication by centrin 
deletion appeared to be a useful approach to exploring how 
centrosomes are involved in controlling this response. Here, we 
show that ablation of all the centrins in a vertebrate cell line, the 
chicken lymphoma DT40, had no detectable effect on centrosome 
duplication or cell cycle progression. However, centrin-deficient 
cells were markedly sensitive to UV irradiation and required 
centrin for efficient DNA repair. Our results suggest that the 
principal functions of centrin lie in the noncentrosomal pool 
where most of the cellular content resides, with an important ca-
veat being that we were unable to use DT40 cells to assess centrin 
functions in ciliogenesis.

Results
We set out to define the roles of centrin by targeting centrin 
genes in chicken DT40 cells. As shown in Fig. S1 A, these pro-
teins are highly conserved between chicken and human. Data-
base analysis indicated the presence of three centrin loci in 
chicken cells. Using available genome information to compare 
these loci with their mammalian counterparts, we found that 
chicken Cetn2 and Cetn3 are syntenic with their human ortho-
logues, with a discontinuity 3 of the Cetn2 sequence between 
mammals and the chicken. Chicken Cetn4 is syntenic with 
mammalian CETN4, which is a pseudogene in human cells. We 
found no centrin1-coding sequence in the region of chicken 

ciliated cells (Hart et al., 1999). CETN1 is believed to have 
arisen from a retrotransposition of the CETN2 transcript (Hart 
et al., 1999). Centrin3 is of the CDC31 subfamily and is also 
ubiquitously expressed (Middendorp et al., 1997). Cetn4 is an 
additional centrin2-related gene, with a tissue-restricted expres-
sion pattern that has suggested its being limited to ciliated cells 
(Gavet et al., 2003). All full-length centrin isoforms associate 
with centrioles, but to varying extents that may reflect differing 
activities of the centrins during centriole duplication and the 
formation of cilia (Laoukili et al., 2000; Gavet et al., 2003).

A recent evolutionary analysis of centrosomal proteins  
assigned centrin2 to a core group of proteins suggested to have 
been present in the ancestral centriolar structure (Hodges et al., 
2010). Consistent with this view of centrin functions, a require-
ment for centrin in centriolar activities has been described in a 
range of organisms. The budding yeast centrin orthologue Cdc31p 
is required for spindle pole body duplication (Baum et al., 1986; 
Huang et al., 1988). Knockdown of centrin in C. reinhardtii  
led to defects in the duplication and functioning of the flagellar 
basal body, a structure analogous to the centriole (Koblenz  
et al., 2003). Depletion of centrin in the water fern, Marsilea 
vestita, inhibited spermiogenesis by blocking basal body forma-
tion (Klink and Wolniak, 2001). Analysis of centrins in the 
multiciliated protozoan, Tetrahymena thermophila, revealed 
the localization of the CEN1 gene product to basal bodies and 
its requirement for their duplication, with other centrin gene 
products also localizing to basal bodies (Guerra et al., 2003; 
Stemm-Wolf et al., 2005). Ablation of centrin function by gene 
targeting in the pathogenic trypansosome, Leishmania donovani, 
caused defective basal body duplication, cell cycle arrest, and 
inhibition of proliferation at the amastigote stage accompanied 
by cell death, with a similar impact on cytokinesis seen with 
centrin knockdown in Trypanosoma brucei (Selvapandiyan  
et al., 2004, 2007).

Despite the importance of centrin function in ensuring 
centriole/basal body duplication throughout evolution (Salisbury, 
2007), its role is less clear in human cells. Although partial 
centrin3 depletion disrupted the radial organization of microtu-
bules in U2OS cells (Dammermann and Merdes, 2002), centri-
ole duplication was inhibited by RNAi depletion of centrin2 in 
HeLa cells (Salisbury et al., 2002). This treatment caused cen-
triole loss and a marked G1 phase cell cycle delay in nontrans-
formed hTERT-RPE1 cells (Mikule et al., 2007). However, in 
other experiments reported in HeLa cells, centrin2 depletion  
using the same siRNA sequence did not impact HsSAS-6 recruit-
ment to nascent procentrioles or the completion of centriole 
duplication, although centriole assembly rates were delayed 
(Strnad et al., 2007; Yang et al., 2010). siRNA depletion of cen-
trin2 and centrin3 using different inhibitory sequences had no 
impact on Plk4-induced centriole duplication in U2OS cells 
(Kleylein-Sohn et al., 2007).

Noncentrosomal roles for centrins have also been de-
scribed, supporting the observation that the bulk of cellular 
centrin is not associated with centrioles (Paoletti et al., 1996). 
Recent data obtained in budding yeast implicate centrin in pro-
teasome activities (Chen and Madura, 2008), and an association 
between centrin2 and the vertebrate nuclear pore complex has 
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centrosome-associated kinase Aurora A, we saw no impact of 
centrin deficiency on centrosome composition during interphase 
(Fig. 2 A). In mitosis, we observed apparently normal spindle 
pole organization and cytokinetic midbody formation in cells that 
lacked any or all of the chicken centrin isoforms (Fig. 2 B). To 
verify these light microscopy observations at higher resolution, 
we performed EM. As shown in Fig. 2 C, centrioles in centrin- 
deficient cells were composed of nine triplet microtubules and were 
arranged orthogonally to one another. Centriole diameters were 
211.0 ± 13.6 nm (n = 42) in wild-type cells and 208.5 ± 17.0 nm 
(n = 34) in Cetn4/2/3-deficient cells, showing no impact of centrin 
deficiency on the characteristic ultrastructure of the centriole.

We also monitored the stages of centriole duplication in 
Cetn4/2/3-deficient cells using EM. Fig. 2 D shows that Cetn4/2/3-
deficient cells can form a cartwheel, that the procentriole dupli-
cates orthogonally to the mother, and that paired mother–daughter 
centrioles associate with one another. These analyses show that 
centrins are not essential for centrosome assembly.

To test whether centrins are necessary for centrosome 
function in the mitotic spindle, we used EM to visualize micro-
tubule anchoring by centrin-deficient centrosomes. As shown in 
Fig. 3 A, centrin-deficient centrosomes can mature and form  
appendages that are capable of anchoring microtubules. Fig. 3 B 
shows that these microtubules establish links with mitotic chromo-
somes and establish mitotic spindles. Metaphase spindle lengths 
were 6.41 ± 0.59 µm (n = 55) in wild-type DT40 cells versus 
6.14 ± 0.57 µm (n = 53) in Cetn4/2/3-deficient cells, showing no 
significant difference. We then examined the capacity of centrin-
deficient centrosomes to organize microtubule regrowth after 
destabilization of the microtubules with combined cold and no-
codazole treatment. We found that Cetn4/2/3-deficient cells were 
as capable as wild-type cells of nucleating microtubule asters 
(Fig. 3 C). Probably the most demanding test of microtubule  
nucleation is forming a functional mitotic spindle. Analysis of 
the percentages of wild-type and Cetn4/2/3-deficient cells that 
entered G1 after release from a nocodazole arrest, where we saw 
no difference, provided further evidence for the ability of centrin-
deficient cells to nucleate microtubules efficiently (Fig. S3). For 
further analysis of mitosis, we used live cell imaging of cells 
stably transfected with an expression vector for histone H2B-
RFP to define the duration of mitosis in wild-type and Cetn4/2/3-
deficient cells. As shown in Fig. 3 D, the mean time taken from 
chromosome condensation to decondensation was 40.5 ± 10.6 
min in wild-type cells and 40.2 ± 9.5 min in Cetn4/2/3-deficient 
cells. These data indicate no mitotic impact of centrin deficiency 
and allow us to conclude that centrosomes are fully functional 
during mitosis in the absence of centrin.

We next examined the ability of centrin-deficient cells to 
produce multiple centrosomes. We used hydroxyurea (HU), ioniz-
ing radiation (IR), and Cdk1 inhibition, conditions under which 
cells are known to overduplicate their centrosomes (Balczon  
et al., 1995; Sato et al., 2000; Hochegger et al., 2007; Kleylein-
Sohn et al., 2007). We also tested the impact of UV irradiation 
and observed that centrosome amplification arose after this 
genotoxic stress (Fig. 4, A and B). We found that Cetn4/2/3- 
deficient cells amplified their centrosomes under all conditions 
tested (Fig. 4, A and B). To confirm that the structures we 

chromosome 2 that is otherwise completely syntenic with the 
human chromosome 18 region that contains the putatively retro-
posed, single-exon CETN1 gene (Hart et al., 1999). Nor was any 
centrin1-coding sequence found in the corresponding region of 
the zebra finch (Taeniopygia guttata) genome. This suggests that 
the retroposition that generated CETN1 occurred after the bird–
mammal split of 310 million years ago (Reisz and Müller, 2004). 
All three centrins are expressed in DT40 cells and in chicken 
liver (Fig. 1 A), showing no tissue-restricted expression pattern.

To ablate centrin function, we used genomic PCR to generate 
targeting vectors that would delete the entire coding regions  
of Cetn4 and Cetn2 and all but the last two exons of Cetn3 
(Fig. S2, A–C) and transfected them into DT40 cells. We con-
firmed the successful targeting of the centrin loci using Southern 
analysis (Fig. S2, D–F). Our initial expectation had been that 
centrin loss would be lethal to cells, so we first targeted Cetn4, 
then Cetn2, and finally Cetn3, separately and in the same cell 
line. We then verified the loss of expression of the centrins using 
RT-PCR (Fig. S2 G) and immunoblotting using different anti-
bodies with broad species specificities for centrin1/2/4 and for 
centrin3 (Fig. 1 B). No full-length or truncated gene products 
were detected with any of the relevant antibodies. Immuno-
fluorescence microscopy confirmed the absence of all centrin 
isoforms in our Cetn4/2/3-deficient cells (Fig. 1 C).

There is a second centrinlike sequence adjacent to the 
chicken Cetn2 locus (LOC422304) that suggests a partial dupli-
cation of Cetn2 in the chicken genome. Although transcripts 
from LOC422304 can be found in the EST databases, their 5 
ends contain short ORFs that suggest that this is a pseudogene 
(Fig. S1 B). Even the longest possible ORF from LOC422304 
encodes a predicted protein that lacks the centrin-diagnostic  
N-terminal region including part of the first EF hand and that is 
predicted to have low homology to other centrins at the C terminus. 
We cloned the sequence expressed from LOC422304 from DT40 
cells by RT-PCR and expressed a myc-tagged version of the  
longest ORF available in wild-type and Cetn4/2/3-deficient 
DT40 cells. As shown in Fig. S1 C, Myc-LOC422304p localized 
to centrosomes in wild-type cells but not in centrin-deficient 
cells, demonstrating that any centrosome localization of this 
gene product is dependent on endogenous centrin. Finally, as we 
saw no detectable signal in Cetn4/2/3-deficient DT40 cells using 
four different anti-centrin antibodies (Fig. 1 B), we conclude 
that LOC422304 does not encode a functional centrin.

We next monitored the proliferative capacity of centrin- 
deficient cells. As shown in Fig. 1 D, cells that lacked any centrin 
genes proliferated slightly more slowly than wild-type cells, with 
the Cetn4/2/3-deficient cells proliferating the slowest. However, 
this was not accompanied by any pronounced cell cycle delay, as 
determined by flow cytometry for BrdU incorporation (S phase) 
or histone H3 phosphorylation (M phase) and microscopy analy-
sis of the proportion of the population undergoing cytokinesis 
(Fig. 1 E and not depicted). From these data, we concluded that 
centrins are dispensable for the viability of DT40 cells.

We then used microscopy to examine the impact of cen-
trin deficiency on the centrosome. Using antibodies specific 
for the centriole components Cep135, Ninein, and Cep76, the 
PCM components pericentrin, -tubulin, and PCM1, and the  
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Figure 1. Centrin-deficient DT40 cells are viable and show no proliferative defect. (A) RT-PCR analysis of expression of the indicated genes in wild-type 
(WT) and centrin-deficient DT40 cells and in chicken liver. (B) Immunoblot of centrin in cells of the indicated genotype. Numbers refer to the centrin mutant 
in each lane. Antibodies used for these analyses are indicated. (C) Immunofluorescence microscopy analysis of wild-type and centrin-targeted DT40 cells 
stained with antibodies to the indicated centrin orthologue (green) with -tubulin (red) as a reference marker. Cells were counterstained with DAPI to visual-
ize the DNA (blue) before imaging. Insets show magnifications as indicated in the main images. Bars: 5 µm; (inset) 0.5 µm. (D) Proliferation analysis of 
cells of the indicated genotype. Data points show mean ± SD of the results from at least three separate experiments. Doubling times were 7 h 42 min ± 
28 min for wild type and 9 h 18 min ± 13 min for Cetn4/2/3-deficient cells. (E) FACS plot of cell cycle distributions in asynchronous cells of the indicated 
genotype. The G1 (bottom left), S (top), and G2/M (bottom right) gates are indicated in blue, and the numbers refer to the percentage of cells detected in 
each of the gates averaged from two separate experiments.
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Figure 2. Structural integrity of centrin-deficient centrosomes. (A) Immunofluorescence microscopy analysis of wild-type and the indicated Cetn-targeted 
DT40 cells stained with antibodies to the indicated centrosome component (green) with -tubulin (red) as a reference marker. Cells were counterstained with 
DAPI to visualize the DNA (blue) before imaging. Bar, 5 µm. (B) Immunofluorescence micrograph of centrosomes in mitotic cells of the indicated genotype 
stained as in A but with -tubulin (red) as the control. Bar, 5 µm. (C) Transmission electron micrographs of centrosomes in cells of the indicated genotype. 
Bars, 100 nm. (D) TEM comparison of different stages of centrosome cycle in wild-type and centrin-deficient cells. Bars, 100 nm.
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counted were, in fact, centrosomes, we also performed EM 
analyses and observed multiple centrioles in both wild-type and 
Cetn4/2/3-deficient cells that had been irradiated (Fig. 4 C). 
These findings show that centrin levels are not limiting for centro-
some amplification after DNA damage or cell cycle delay.

The elevated levels of centrosome amplification seen in 
centrin-deficient cells after irradiation suggested some problems 
in dealing with genotoxic stress. To determine whether centrin 
plays a role in DNA damage responses, we performed clono-
genic survival assays. As shown in Fig. 5 A, Cetn4/2/3-deficient 
cells were no more sensitive than wild-type cells to IR. How-
ever, loss of Cetn4 and Cetn2 caused a pronounced sensitivity 
to UV treatment, which was exacerbated by the further loss of 
Cetn3 (Fig. 5 B). Although no role for centrin3 in the repair 
of UV-induced DNA damage has been established, the known 
interaction of human centrin2 with XPC (Araki et al., 2001) 
suggests that this sensitivity arises from defective NER. Impor-
tantly, this hypersensitivity to UV irradiation was suppressed by 
transgenic expression of either Cetn4 or Cetn2 and partially res-
cued by Cetn3 expression (Fig. 5 C), demonstrating a require-
ment for the chicken centrin2 orthologues and novel potential 
involvement of centrin3 in dealing with UV irradiation.

We next tested whether the sensitivity of centrin-deficient 
cells to UV treatment was caused by a defect in checkpoint ac-
tivation. As shown in Fig. 6 A, the UV-responsive activation of 
Chk1, as determined by its phosphorylation, occurred with the 
same kinetics in wild-type and Cetn4/2/3-deficient cells. How-
ever, the resolution of this phosphorylation signal to normal 
levels took longer in Cetn4/2/3-deficient cells, with the bulk of 
the phosphorylation being removed by 12 h in wild-type cells, 
but not in centrin-deficient cells (Fig. 6 A). Cell cycle analysis 
of the response to UV showed a profile consistent with an at-
tenuated resolution of DNA damage signaling, with the major-
ity of wild-type cells showing an S phase delay by 9 h before 
accumulating with a 2C DNA content at 12 h and the Cetn4/2/3-
deficient population showing the S phase delay only by 12 h 
(Fig. 6 B). An elevated level of cell death was also evident in 
the centrin-deficient population compared with wild-type cells 
from 18 h after treatment, consistent with the results obtained 
in the clonogenic survival assay. To examine the potential cause 
of the extended DNA damage signaling, we used an immunodot- 
blot experiment to monitor the kinetics with which DNA  
damage (CPDs) formed and was repaired after UV irradiation. 

Figure 3. Normal microtubule nucleation functions of centrin-deficient 
centrosomes. (A) Transmission electron micrographs of microtubule anchor-
age at the centrosomes in cells of the indicated genotype. Bar, 500 nm. 

(B) Transmission electron micrographs of spindle microtubule association 
with chromosomes in cells of the indicated genotype. Bars, 500 nm. 
(C) Immunofluorescence microscopy analysis of microtubule nucleation in 
DT40 cells before and after release from 1-h arrest in 1 µg/ml nocodazole 
at 4°C. Cells were stained with antibodies to -tubulin (green) with  
-tubulin (red) as a centrosomal marker. Cells were counterstained with 
DAPI to visualize the DNA (blue) before imaging. Bar, 5 µm. (D) Quan-
titation of the percentage of cells with aster nucleation after microtubule 
regrowth for 1 min at 39.5°C. Histogram shows mean ± SD of three sepa-
rate experiments in which at least 200 cells per experiment were counted. 
(E) Duration of mitosis in centrin-deficient cells. Cells of the indicated geno-
types that stably expressed histone H2B-RFP were imaged by time-lapse 
microscopy, and the time taken from chromosome condensation to de-
condensation was assessed. Data show mean ± SD for the 70 individual 
cells analyzed as data points.
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As shown in Fig. 6 (C and D), UV treatment induces a rapid and 
massive increase in CPDs, returning to basal levels 24 h after 
irradiation. Cetn4/2/3-deficient cells are much slower to repair 
the UV-induced lesions, with a notable fraction of the induced 
damage remaining at 24 h after treatment. Notably, transgenic 
expression of any of the chicken centrins greatly improved the 
null cells’ ability to repair UV-induced DNA damage (Fig. 6,  
C and D). These data demonstrate that vertebrate centrins are 
necessary for the efficient repair of UV-induced DNA damage 
and that all three centrins are potentially involved in such repair.

Discussion
The viability of centrin-deficient DT40 cells and the integrity of 
their centrosomes were unexpected, given the wide-ranging  
requirement for centrins in centriole/basal body duplication 
throughout evolution. Even though p53-dependent responses are 
blunted in DT40 cells, so that the p21–p53 checkpoint-driven 

Figure 4. Efficient DNA damage–induced centrosome amplification in 
centrin-deficient cells. (A) Immunofluorescence microscopy analysis show-
ing centrosome amplification in wild-type and the indicated Cetn-targeted 
DT40 cells stained with antibodies to glutamylated tubulin (green) and 
-tubulin (red) at 24 h after treatment with 10 Gy IR. Cells were counter-
stained with DAPI to visualize the DNA (blue) before imaging. Bar, 5 µm. 
(B) TEM comparison of amplified centrosomes in wild-type and centrin- 
deficient cells, seen 24 h after 10 Gy IR. Bar, 500 nm. (C) Quantitation 
of cells of the indicated genotype with aberrant centrosome numbers 24 h 
after 5-J/m2 UV-C treatment (+UV) or 10 Gy IR (+IR) and after 24-h incu-
bation with 4 mM HU (+HU) or 6 µM RO3306 (+RO). Histogram shows 
mean ± SD of three separate experiments in which at least 300 cells per 
experiment were counted.

Figure 5. Hypersensitivity to UV irradiation of centrin-deficient cells and 
rescue by expression of centrins 4, 2, or 3. (A) Clonogenic survival assay 
of cells of the indicated genotype treated with the indicated doses of IR. 
Data points show mean ± SD of the surviving fractions in at least three 
separate experiments. (B) Clonogenic survival assay of cells of the indi-
cated genotype treated with the indicated doses of UV-C irradiation. Data 
points show mean ± SD of the surviving fractions in at least three separate 
experiments. (C) Cetn4/2/3-deficient cells that were stably transfected 
with the indicated myc-centrin–expressing transgenes were analyzed by 
clonogenic survival assay. Survival curves show mean ± SD of the surviv-
ing fractions in at least three separate experiments.
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It has been reported that HU-induced centrosome amplifi-
cation was suppressed when XPC was overexpressed, and, thus, 
centrin sequestered in the nucleus of MDA-MB-231 cells (Acu 
et al., 2010). Furthermore, Cetn2 knockdown prevented the cen-
triole overduplication that is normally driven by the overexpres-
sion of nondegradable Mps1 kinase (Yang et al., 2010). Although 
we saw no evidence that centrin was rate limiting for the over-
duplication of centrosomes caused by several genotoxic treatments, 
a possible reason for the difference between our observations and 
those reported is that the movement of centrin between the 
cytoplasm and the nucleus may be involved in the generation of 
additional centrioles in response to certain conditions that do 
not use the original centrosome as a template, such as after HU 
treatment. A model in which nuclear centrin–containing precur-
sors initially assemble in the nucleus has been suggested as one 
mechanism for centriole overduplication (Prosser et al., 2009), 
with such aggregates being termed “precentrioles” in the de novo 

arrest described after the loss of centrosome components  
(Mikule et al., 2007) was not anticipated, our prediction had 
been that we would see the inhibition of centriole duplication 
seen in RNAi experiments in HeLa cells (Salisbury et al., 2002). 
However, consistent with the robust centrosome structures 
and activities we saw in centrin-deficient DT40 cells, siRNA 
depletion of centrin2 in HeLa cells did not impact HsSAS-6  
recruitment to nascent procentrioles or centriole duplication 
(Strnad et al., 2007; Yang et al., 2010), and similarly, Plk4- 
induced centriole duplication in U2OS cells occurred efficiently 
despite siRNA depletion of centrin2 or centrin3 (Kleylein- 
Sohn et al., 2007). The fact that we have used gene targeting 
to ablate centrin function allows us to exclude any potential 
artifact arising from incomplete gene knockdown or off-target 
effects. Our current data do not indicate a requirement for  
vertebrate centrins in centriole duplication or mitotic centro-
some function.

Figure 6. Defective NER in centrin-deficient cells. (A) Immunoblot analysis of Chk1 phosphorylation in cells of the indicated genotype was performed 
before or at different times after 3-J/m2 UV-C treatment, using anti–phospho-Chk1 S345 with monoclonal mouse anti-Chk1 as loading control. (B) Flow 
cytometry analysis of the DNA content of wild-type and Cetn4/2/3-deficient cells before or at the indicated times after 3-J/m2 UV-C treatment. (C) Immunodot-blot 
analysis of CPDs in genomic DNA from wild type, Cetn4/2/3-deficient cells, and Cetn4/2/3-deficient cells that were stably transfected with the indicated 
centrin-expressing transgenes (C4, C2, and C3) before or at the indicated times after 5-J/m2 UV-C treatment. Time 0 is immediately after irradiation.  
(D) Quantitation of the kinetics of CPD repair in cells of the indicated genotype after 5-J/m2 UV-C treatment. Data show mean ± SD of the CPD signal 
normalized to time 0 signals in at least three separate experiments in which each sample was blotted in triplicate.
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centriole assembly pathway that generates centrioles after laser 
ablation of the preexisting structures (La Terra et al., 2005).  
In terms of templated centriole duplication, we have previously 
suggested that DNA damage–induced centrosome amplification  
occurs during an extended G2 arrest (Dodson et al., 2004; Inanç 
et al., 2010). The elevated UV-induced centrosome amplification 
seen in centrin-deficient cells thus can be attributed to the ex-
tended DNA damage–induced cell cycle delay. The absence of 
any deficiency in the response to IR in centrin-null cells makes 
the IR-induced centrosome overamplification difficult to explain. 
Up-regulation of Cdk activity after IR is a potential mechanism of 
centrosome amplification (Bourke et al., 2010). As centrin can be 
phosphorylated in vitro by Cdk1 (Lutz et al., 2001), it is possible 
that the deletion of centrins may enhance the activity of Cdks on 
other substrates that drive centrosome overduplication.

An expanding body of work implicates the centrosome as 
a hub for DNA damage response signaling, with a wide range of 
DNA repair and checkpoint proteins localizing to the centro-
some (Löffler et al., 2006). The sensitivity of centrin-deficient 
DT40 cells to UV and their defect in resolving CPDs are consis-
tent with several studies linking centrin2 with NER through its 
interaction with XPC (Araki et al., 2001; Popescu et al., 2003; 
Nishi et al., 2005). Making this role of centrins more general,  
a cdc31 mutant that affects Cdc31p binding of the yeast XPC 
orthologue, Rad4, is UV sensitive (Chen and Madura, 2008), 
and an interaction has been described between RAD4 and 
CENTRIN2 in A. thaliana (Liang et al., 2006). Nuclear local-
ization of centrin2 is driven by XPC (Charbonnier et al., 2007). 
Centrin2 is modified by SUMO2/3, and its efficient binding to 
XPC and localization to the nucleus depend on SUMOylation 
activity (Klein and Nigg, 2009). A recent study by Acu et al. 
(2010) demonstrated that centrin2 relocalization to the nucleus 
after HU treatment is dependent on XPC. Furthermore, Acu et al. 
(2010) also observed delayed resolution of UV-induced 6–4 
photoproducts where centrin2 was partially depleted in human 
MCF-7 cells using short hairpin RNA. As the knockdown of 
centrin2 was toxic in these cells, it was possible that the delayed 
resolution of DNA damage might not be attributable to an NER 
defect alone. However, the UV hypersensitivity and DNA repair 
deficiency seen in our centrin knockout cells provide robust evi-
dence for a function of vertebrate centrins in NER. Interestingly, 
another centrosomal protein, Cep164, has also been implicated 
directly in NER (Pan and Lee, 2009), so further examination of 
the interplay between the centrosome and NER is warranted.

Four potential explanations for the high level of centrin 
conservation are compatible with our observations. The first is 
that there exists cell type– or developmental stage–specific  
requirements for centrins in centriole duplication. Differing 
effects of centrin2 overexpression were observed in various  
human cell lines (Yang et al., 2010), but the ubiquity of centrin2 
and centrin3 expression suggests a more general role for the 
centrins. Second, a further possible centrosomal function for 
centrins is that of establishing a primary cilium. As DT40 cells 
are lymphocytes and thus do not bear primary cilia (Alieva and 
Vorobjev, 2004), we are unable to examine this activity directly. 
Although the absence of normal primary cilia in several human 
genetic disorders is not cell lethal (Goetz and Anderson, 2010), 

a role for centrins in ciliogenesis may nevertheless provide evo-
lutionary pressure for centrin conservation in terms of the whole 
organism. A third possibility is that centrins play a predomi-
nantly regulatory role in the control of centriole duplication or 
functioning that is dispensable during the cell cycle. Ser170 
phosphorylation of centrin2 occurs early during mitosis, and, 
when stimulated during interphase by increased protein kinase A 
activity, such phosphorylation was accompanied by centriole 
separation (Lutz et al., 2001). Centrin2 has been described as an 
Mps1 substrate, and recent work implicated the three Mps1 target 
sites identified in the control of centriole duplication (Yang et al., 
2010). In keeping with a regulatory role, overexpression of cen-
trin drives centriole overduplication (Yang et al., 2010). The final 
possibility for the evolutionary pressure that has maintained the 
high degree of conservation in centrin sequences is that their key 
role in the cell is not at the centrosome. Although centrins are 
sufficiently conserved to have been present in the last common 
ancestor of the eukaryotes (Hodges et al., 2010), their presence in 
other ancient cellular structures such as the nuclear pore may in-
dicate coevolution with macromolecular complexes other than 
the centrosome (Neumann et al., 2010). Centrin activities in NER 
and the observation that the bulk of the cellular centrin is not at 
the centrosome (Paoletti et al., 1996) provide support for this 
view. Gene-targeting experiments in mammals may allow the 
resolution of these various possibilities in the entire organism.

Materials and methods
Cloning
Genomic sequences for the Cetn-targeting arms were amplified by PCR 
with KOD Hot Start (EMD), cloned into pGEM-T Easy (Promega), and se-
quenced. The following primer sets and strategies were used: Cetn4 5 arm 
(5-GCACAGGCTTGCTGAAAGGATGCACTGC-3 and 5-CTGCTTGCG-
GCCGCACCGCGCCGGGATC-3) and 3 arm (5-GGATCCGATTTGTT-
GCCTTACAGCTGTTCC-3 and 5-CAGTATCCATTCCAGCCTTGCCTT-
GAGT-3). An NdeI–ScaII fragment containing the 5 arm was cloned 
using AatII–ScaII sites upstream of the 3 arm and histidinol and blasticidin 
resistance cassettes inserted into a BamHI site. PvuI and SalI digests were 
used for linearization of the completed targeting vectors.

We also used Cetn2 5 arm (5-CCTAAGAATCCGGAGCCAC-
CAATCA-3 and 5-TGCTCAACACTACCCTTCCCCATTG-3) and 3 arm 
(5-GGATCCGTTGCTTGTTTGCTGCGCTCGTAAG-3 and 5-GTCGACT-
GCCTTTATTCACCTCACGCACAGG-3). A NotI–BamHI fragment contain-
ing the 5 arm was cloned with a BamHI–SalI fragment containing the 3 
arm into pBluescript II SK. LoxP-puromycin (Arakawa et al., 2001) and 
hygromycin resistance cassettes were inserted into the BamHI site, and a 
NotI digest was used for linearization.

Lastly, we used Cetn3 5 arm (5-CTTTGTGCAACGGCTCATTGTC-3 
and 5-GGATCCAGACTACTGCGCTGCCACTCAAG-3) and 3 arm  
(5-GGATCCGCAGCTTGACCAGGAGTACTTTG-3 and 5-TGAAGGG-
TAAACTCAGAATGACAGA-3). The 5 arm was cloned as a SpeI–BamHI 
fragment upstream of the 3 arm in pGEM-T Easy. LoxP-puromycin and 
loxP-neomycin resistance cassettes were cloned into the BamHI site, and 
MluI digests were used for linearization.

For cDNA cloning, RNA was extracted from DT40 cells and chicken 
liver using TRI reagent (Invitrogen). Reverse transcription was performed 
using SuperScript First-Strand (Invitrogen) and PCR with KOD Hot Start. 
cDNAs were cloned into the pGEM-T Easy, sequenced, and then subcloned 
into pCMV-3Tag-2 (Agilent Technologies). The primers used to amplify cDNA 
were as follows: Cetn4 (5-CGGAATTCGATGGCGTCCAACTATAGA-3 and 
5-CGGGATCCCTAATATAAGCTCGTTTTCTT-3), Cetn2 (5-GAAGATCTTC-
TATGGCCTCCAGCTTCAAGAAG-3 and 5-CGGGATCCTCAGTAAAGGCT 
GGTCTTCTTC-3), Cetn3 (5-CGGAATTCGATGAGCGTGTGAAGGGG-3 
and 5-CGGGATCCTTAAATATCTCCAGTCATAATAG-3), and LOC422304 
(5-GAATTCTATGGTGAGGCCCGCTGGGCAC-3 and 5-TCTAGATTA-
CAGGTCAGTCAATGTCAGAATC-3). All expression constructs, including 
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Microtubule regrowth assays
DT40 cultures were treated with 1 µg/ml nocodazole for 3 h, incubated for an 
additional hour on ice, and subsequently spun down at 250 g for 5 min and 
washed three times in ice-cold PBS for 15 min each. Cells were adhered to 
poly-l-lysine slides for 30 min at 4°C, submerged in PBS/1% FCS at 40°C for  
1 min, and immediately fixed in methanol. Immunofluorescence microscopy 
with antibodies to - and -tubulin was then used to assess microtubule growth.

EM
DT40 cells were processed for transmission EM (TEM) using an established 
protocol (Liptrot and Gull, 1992) in which they were pelleted at 250 g for  
5 min and fixed with a combination of 2% glutaraldehyde and 2% PFA in  
0.1 M cacodylate buffer. After posfixation in a solution of 2% osmium  
tetroxide/0.1 M cacodylate buffer, pH 7.2, cell pellets were dehydrated 
through a graded series of ethanol (30, 60, 90, and 100%) that was then 
replaced by propylene oxide. Subsequently, cell pellets were embedded in 
Agar Low Viscosity Resin. Sections were cut on a microtome (Reichert-Jung  
Ultracut E; Leica), stained with uranyl acetate and lead citrate, and then 
viewed on an electron microscope (H-7000; Hitachi). Images were taken 
with a camera (ORCA-HRL; Hamamatsu Photonics) and processed using 
AMT version 6 (AMT Imaging).

Immunoblotting experiments
Whole-cell extracts were prepared with radioimmunoprecipitation assay buf-
fer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate,  
150 mM NaCl, 1 mM EDTA, and protease inhibitor cocktail). Proteins were 
transferred to nitrocellulose membranes for analysis using the following pri-
mary antibodies: rabbit anti-centrin2 (poly6288; BioLegend) at 1:1,000; 
monoclonal anti-centrin3 (3E6; Abnova) at 1:1,500; rabbit anti-centrin2 and 
anti-centrin3 at 1:1,500 and 1:250, respectively (C2 and C3; gifts from  
M. Bornens, Institut Curie, Paris, France; Laoukili et al., 2000); anti–phospho-
Chk1 S345 (Cell Signaling Technology) at 1:500; anti-Chk1 (Cell Signaling 
Technology) at 1:1,000; anti-thymine dimer antibody (H3/ab10347; Abcam) 
at 1:1,000; and anti–-tubulin (B512; Sigma-Aldrich) at 1:5,000.

Flow cytometry
Cells were fixed with 70% ice-cold ethanol overnight at 4°C, washed in 
PBS, and incubated in 40 µg/ml propidium iodide and 200 µg/ml RNase 
A in PBS for 1 h. Where indicated, cells were cultured with 20 µM  
5-bromo-2’-deoxydine for 15 min. After fixation in 70% ice-cold ethanol 
overnight at 4°C, cells were washed in PBS with 1% BSA, treated with 2 M 
HCl/0.5% Triton X-100 for 30 min at 37°C, and washed again. Cells 
were then incubated with 30% anti-BrdU (B44; BD) in PBS with 1% 
BSA/0.5% Triton X-100 for 1 h with shaking at 37°C followed by washing 
and incubation with FITC-conjugated anti–mouse (Jackson ImmunoRe-
search Laboratories, Inc.) at 1:50 in PBS with 1% BSA. Finally, cells were 
resuspended in propidium iodide/RNase A solution as described previ-
ously. Flow cytometry was performed on a FACSCalibur (BD).

Immunodot-blot analysis
Cells were harvested after 3-J/m2 UV-C irradiation and washed in PBS, and 
genomic DNA was extracted using a Genomic DNA Miniprep kit (Sigma- 
Aldrich). DNA was quantified using a spectrophotometer (NanoDrop 
2000c; Thermo Fisher Scientific). Triplicates of 250 ng DNA from each time 
point were denatured in 0.3 M NaOH at 60°C for 1 h, cooled on ice, and 
neutralized in 2× salt–sodium citrate buffer. Samples were then transferred 
to a nylon membrane (Hybond-N; GE Healthcare) using a microfiltration dot-
blot apparatus (model 170-6545; Bio-Rad Laboratories). The membrane 
was then baked at 80°C for 1 h, immunoblotted with thymine dimer anti-
body, and visualized with HRP-conjugated secondary antibody. Signals 
were acquired using an Imager (LAS-3000; Fujifilm), quantified with Multi-
Gauge v.2.2 (Fujifilm), and normalized to time 0 after UV-C irradiation.

Online supplemental material
Fig. S1 shows the conservation of the centrin proteins between human and 
chicken and the analysis of LOC422304. Fig. S2 shows the gene-targeting 
strategies for the three chicken centrins with their respective diagnostic 
Southern blots and RT-PCR results. Fig. S3 shows the integrity of spindle  
assembly checkpoint and robust recovery in Cetn-deficient cells after nocoda-
zole treatment and washout. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.201012093/DC1.
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Liptrot for help and advice in TEM sample preparation, and Owen Daly for  
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pmRFP-N1-H2B (Dodson et al., 2007), were linearized with MluI or ApaLI 
before transfection into DT40 cells.

Cell culture and gene targeting
DT40 cells were cultured as described in RPMI media (Lonza) and supple-
mented with 10% fetal calf serum (Lonza), 1% chicken serum (Sigma- 
Aldrich), and 1% penicillin/streptomycin (Sigma-Aldrich) at 39.5°C with 
5% CO2 (Takata et al., 1998). Electroporations for gene targeting were 
performed using 15 µg of linearized and purified DNA and 300 V/600 µF 
or 550 V/25 µF in a GenePulser (Bio-Rad Laboratories), as previously de-
scribed (Takata et al., 1998). Cells were transiently transfected with 5 or 
15 µg endotoxin-free plasmid DNA using nucleofection (program B-23; 
Lonza). Clonogenic survival assays were performed as described previously 
(Takata et al., 1998), using irradiation with a 137Cs source at 23.5 Gy/min 
(Mainance Engineering). For UV-C irradiation, cells were irradiated in PBS 
using a 254-nm UV-C lamp at 23 J/m2/min (NU-6 lamp; Benda). Unless 
otherwise stated, cell culture reagents were purchased from Sigma-Aldrich. 
Cdk1 Inhibitor IV (RO-3306; EMD) was dissolved in DMSO. Selection 
with antibiotics was with 1 mg/ml histidinol, 25 µg/ml blasticidin (Invivo-
Gen), 2.5 mg/ml hygromycin (InvivoGen), 0.5 µg/ml puromycin, and  
2 mg/ml geneticin (Invitrogen).

DT40 cells were targeted sequentially to generate Cetn4/, Cetn4/ 

Cetn2/, and finally the triple knockout Cetn4/Cetn2/Cetn3.  
A separate triple knockout was generated after transiently expressing Cre 
recombinase (Arakawa et al., 2001) in Cetn4/Cetn2/ cells to remove 
the puromycin resistance cassette. The Cetn3 locus was then targeted with 
the puromycin construct.

Immunofluorescence microscopy
Cells were left to attach to poly-l-lysine–coated slides for 15 min and then 
plunged into 95% methanol with 5 mM EGTA (prechilled to –20°C) for  
10 min. Alternatively, cells were fixed in 4% PFA for 10 min and permeabi-
lized in 0.15% Triton X-100 in PBS for 2 min. Thereafter, the cells were 
blocked in 1% BSA in PBS and incubated with primary antibodies for 1 h 
at 37°C followed by a 45-min incubation at 37°C with secondary antibodies. 
Secondary antibodies were labeled with FITC and Texas red (Jackson  
ImmunoResearch Laboratories, Inc.). Slides were mounted with DABCO 
(2.5% DABCO [Sigma-Aldrich], 50 mM Tris-HCl, pH 8, and 90% glycerol) 
and supplemented with 1 µg/ml DAPI. Cells were imaged at 37°C on an 
integrated microscope system (DeltaVision) controlled by SoftWorx soft-
ware (Applied Precision) mounted on a microscope (IX71; Olympus) with 
a PlanApo N100× oil objective (NA 1.40). Images were taken using a 
camera (CoolSnap HQ2; Photometrics) and deconvolved in SoftWorx using 
the ratio method, and maximal intensity projections were saved as Photo-
shop CS version 8.0 files (Adobe Systems). Cell counting was performed 
with a microscope (BX51; Olympus), using 60× oil (NA 1.4) and 100× oil 
(NA 1.35) objectives.

The primary antibodies used in this study and their dilutions were as 
follows: mouse monoclonal anti–Aurora A (35C1; Abcam) at 1:500; rab-
bit polyclonal anti-centrin2 (poly6288; BioLegend) at 1:250; monoclonal 
anti-centrin3 (3E6; Abnova) at 1:1,000; rabbit anti-Cep76 (a gift from  
W. Tsang and B. Dynlacht, New York University School of Medicine, New 
York, NY; Tsang et al., 2009) at 1:200; mouse anti-Cep135 (a gift from  
R. Kuriyama, University of Minneapolis, Minneapolis, MN; Ohta et al., 
2002) at 1:1,000; mouse anti–myc 9E10 at 1:1,000; rabbit polyclonal 
anti-ninein (ab4447; Abcam) at 1:100; rabbit polyclonal anti–PCM-1 
(817; a gift from A. Merdes, Centre National de la Recherche Scientifique 
and Laboratoires Pierre Fabre, Toulouse, France; Dammermann and 
Merdes, 2002) at 1:5,000; rabbit polyclonal anti-pericentrin (ab4448; 
Abcam) at 1:100; mouse monoclonal anti–-tubulin (B512; Sigma-Aldrich) 
at 1:2,000; mouse monoclonal anti–-tubulin (GTU88; Sigma-Aldrich) at 
1:150; anti–-tubulin (C-20; Santa Cruz Biotechnology, Inc.) at 1:250; 
mouse monoclonal anti-glutamylated tubulin (GT335; a gift from C. Janke, 
Institut Curie, Paris, France; Wolff et al., 1992) at 1:300; and rabbit poly-
clonal anti-survivin (WCE43D; a gift from B. Earnshaw, Wellcome Trust 
Centre for Cell Biology, Edinburgh, Scotland, UK; Yue et al., 2008) at 
1:300. Labeled secondary antibodies were purchased from Jackson Immuno-
Research Laboratories, Inc.

Live cell imaging
For live cell imaging, cells that stably expressed H2B-RFP were allowed to 
attach to poly-d-lysine–coated dishes (MatTek) for 2–3 h, and the media 
were supplemented with 12.5 mM Hepes, pH 7.5. Images were taken  
every 3 min for 3 h on an integrated microscope system (DeltaVision) using 
a PlanApo N60× oil objective (NA 1.42) and a 39.5°C environmental 
chamber (WeatherStation; Precision Control).
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Figure S1.  Conservation  of  centrins  and  analysis  of 
LOC422304. (A) Comparison of the conserved centrin regions 
of chicken centrins and human centrins. The following protein 
sequences were used for this comparison: HsCETN1 (NCBI 
Protein database accession no. NP_004057.1), HsCETN2 
(NCBI Protein database accession no. NP_004335.1), and 
HsCETN3 (NCBI Protein database accession no. NP_
004356.2), and GgCetn4 (NCBI Protein database accession 
no. XP_420622.2), GgCetn2 (XP_420280.1), and GgCetn3 
(XP_424696). Numbers show the percentage of amino acid 
identity between the indicated proteins in the aligned se-
quences. Numbers in parentheses indicate the percentage of 
conserved amino acids. (B) Analysis of transcripts from 
LOC422304. Transcripts from LOC422304 are shown to 
scale with exons indicated as boxes, with the source of each 
transcript sequence indicated at the right. ATG and stop co-
dons in the same reading frame are indicated by the same 
color. The longest ORF that was myc tagged and tested for 
centrosome localization is indicated at the bottom of the fig-
ure. (C) Immunofluorescence microscopy analysis of wild-type 
and Cetn-deficient DT40 cells after transfection with an ex-
pression vector for Myc-LOC422304p, based on the longest 
ORF that we cloned by RT-PCR from DT40 cDNA. Cells were 
stained with antibodies to myc (green) with -tubulin (red) as 
a reference marker. Cells were counterstained with DAPI to vi-
sualize the DNA (blue) before imaging. Bar, 5 µm.
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Figure S2.  Gene targeting of chicken centrin loci. (A–C) Map of the chicken Cetn4 (A), Cetn2 (B), and Cetn3 (C) locus and gene targeting strategy, show-
ing relevant sizes of targeting arms and Southern blot fragments detected with the probe indicated. Exons are shown as black boxes. B, BamHI sites. X, 
XbaI sites. (D) Southern blot analysis of targeting at the chicken Cetn4 locus using the probe shown in A. (E) Southern blot analysis of targeting at the 
chicken Cetn2 locus using the probe shown in B. (F) Southern blot analysis of targeting at the chicken Cetn3 locus using the probe shown in C. (D–F) DNA 
from cells of the indicated genotype was digested, transferred to a nylon membrane, and then hybridized with the relevant probe. Note that Cetn3 is on 
the single-copy chicken Z chromosome. (G) RT-PCR analysis of the impact of Cetn gene targeting on the expression of each of the centrins. RNA was ex-
tracted from wild-type (WT) cells and from two clones of each of the indicated genotypes and then was used to prepare cDNA for PCR amplification. Prim-
ers for -actin were used as controls for RT-PCR.
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Figure S3.  Integrity of spindle assembly checkpoint and robust recovery in Cetn-deficient cells. Wild-type and centrin-deficient cells were arrested in pro-
metaphase by treatment with nocodazole, and the percentage of cells with 1C (G1) and 2C (G2/M) DNA content was determined by flow cytometry. 
3 h after washout of nocodazole, the breakdown of the population was determined. Histograms show the mean ± SD of three separate experiments. Centrin 
deficiency had no impact on the ability of cells to divide and continue in the cell cycle.
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