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Abstract 
The centrosome is composed of numerous proteins that make up its core structure. Other 

proteins also transiently localise and interact with centrosomal proteins for functional 

modulation. Centrobin, one of the core centrosomal proteins, is involved in centriole 

biogenesis and elongation, ciliogenesis, and possibly, the DNA damage response. Although it 

was initially identified as a BRCA2-interacting protein that preferentially localises to the 

daughter centriole, its role in the DNA repair pathway or cilia formation has not been clearly 

defined. 

To investigate the functions of centrobin in centriole duplication, ciliogenesis, and DNA 

repair processes, we generated a novel monoclonal anti-centrobin antibody and used 

CRISPR/Cas9 to disrupt CNTROB gene in the immortalized, non-transformed hTERT-RPE1 

cell line. We confirmed successful gene targeting by western blot, immunofluorescence 

microscopy and sequencing of the genomic locus and cDNA. We noticed that loss of 

centrobin had no impact on cell cycle progression but resulted in an increase in acentric and 

monocentric cells. We also used clonogenic survival assays to show that centrobin-deficient 

cells had a severe decrease in viability after exposure to ionising radiation (IR) and methyl 

methanosulfonate (MMS) but not ultraviolet radiation (UV). Interestingly, these sensitivities 

to genotoxic stress agents were rescued by stable transgenic expression of centrobin in our 

cell line. To further investigate the involvement of centrobin in the DNA damage response, 

we studied the kinetics of RAD51 recombinase and γ−H2AX IR-induced foci (IRIF) 

formation after IR or MMS treatment of centrobin-deficient cells. We observed that the 

percentage of cells with RAD51 and γ−H2AX IRIF was reduced in centrobin-deficient cells 

after exposure to IR or MMS.  

We also studied the roles of centrobin in primary cilia assembly and functions in vertebrate 

systems. Primary cilia are antenna-like microtubule-based sensory organelles for signal 

transduction and cell proliferation. Using immunofluorescence microscopy to study the 

localisation pattern of endogenous and Green Fluorescent Protein (GFP)-tagged centrobin, we 

noticed that, while centrobin was mainly retained on the daughter centrioles of proliferating 

cells, it localised to the mother centrioles of ciliated cells. We observed reduced ciliation 

frequency in CNTROB knockout cells, which was rescued by transient and stable transgenic 

centrobin. We also observed inappropriate accumulation of the negative regulators of 

ciliogenesis, CP110 and CEP97, in centrobin-deficient cells after serum deprivation. Further 

investigation revealed that centrobin and CP110 interact in vivo and that the microtubule 

binding- and CP110-interacting regions of centrobin fragments are required for ciliogenesis. 

Electron microscopy analysis of human centrobin-deficient cells showed that centrobin is 

crucial for axonemal extension from the ciliary bud. 
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Finally, we used antisense-morpholino oligonucleotides (MO) technology to deplete 

centrobin in zebrafish and study its ciliary roles in this vertebrate system. Our investigation 

revealed that centrobin depletion causes reduced cilium number and length of nodal cilia in 

the Kupffer’s vesicle of zebrafish embryos. Furthermore, centrobin-depleted zebrafish 

embryos displayed microcephaly-like morphological abnormalities that are indicative of 

ciliary defects, thus identifying centrobin as a potential ciliopathy gene. To assess the roles of 

centrobin in organogenesis, we monitored left-right patterning and organ localisation in 

zebrafish embryos. We observed an increase in frequency of defective organ positioning 

which is a consequent of malfunctioning left-right patterning in the centrobin depleted 

embryos. Interestingly, these phenotypes were rescued by transgenic expression of MO-

resistant transgenic centrobin.  

In summary, our data identify centrobin as a positive regulator of ciliogenesis and a 

participant in the DNA damage response in vertebrates. Therefore, centrobin may be a 

molecular link between centriole duplication, cilia formation and DNA damage responses.  
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1 Introduction  

1.1 Centrosomes and centrioles 

The centrosome was first observed in the 1800s in independent work by early cell and 

developmental biologists, notably Theodor Boveri and Édouard Van Beneden. They both 

studied cell divisions in fertilized eggs of parasitic worms and discovered the existence of a 

spindle pole organiser during mitosis. Their works revealed that the spindle pole organiser is 

a permanent self-replicating organelle that duplicates prior to mitosis and acts as the main 

organising centre for cellular division (Van Beneden, 1876, Boveri 1887, reviewed by Scheer, 

2014). The spindle pole organiser was later named centrosome, meaning a ‘central organelle’. 

Until the invention of electron and immunofluorescence microscopy, the centrosome 

composition, organisation, mode of replication and its precise functions were not properly 

understood. It is now known to act as the major microtubule organising centre (MTOC) in 

proliferating animal somatic cells and, as the mother centriole, acts as the basal body for 

primary cilium formation in quiescent cells. In recent years, the centrosome biology field has 

gained scientific attention due to the implication of centrosomes in the pathogenesis of 

several human diseases.  

  

1.1.1 Evolutionary conservation of centrosome and centrosomal proteins 

The centrosome is highly conserved, at least among animal cells. Structurally, an 

unduplicated centrosome is made up of two microtubule-based centrioles with the 

microtubules arranged in a ninefold symmetry and embedded with a pericentriolar material 

(PCM). Centriole length differs among species, commonly ranging between 100 - 250 nm in 

diameter and 100 – 500 nm in length. For example, centrioles are considerably shorter in 

Drosophila melanogaster (Drosophila) and Caenorhabditis elegans (C. elegans) and are 

assembled from doublet and singlet microtubules, respectively (Carvalho-Santos et al. 2011, 

Azimzadeh 2014). Coincidentally, the majority of the organisms with genes encoding 

additional tubulin isoforms δ and ε tubulins can assemble triplet microtubules compared to α 

and β isoform in most organisms. However, Drosophila lack these tubulin isoforms but can 

assemble triplet microtubules in their germline cells (Fırat-karalar and Stearns 2014, Winey 

and O’Toole 2014). 

The unicellular organisms evolutionarily closest to humans are the choanoflagellates which 

also nucleate a flagellum on a mature centriole that is surrounded by electron-dense material 

and organises microtubules (Azimzadeh 2014). The distal and subdistal appendages on the 

mother centrioles are conserved and in some ciliated ancestors, they act as transition fibres 
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and the basal foot, respectively. Interestingly, homologues of Cep164, a distal appendage 

protein, are expressed in flagellated protists. Similar to the subdistal appendages in 

proliferating higher organisms, the basal feet of the metazoans can anchor microtubules. 

Surprisingly, appendages are absent in Drosophila and C. elegans. However, several 

vertebrate centrosomal proteins are highly conserved in these species (Carvalho-Santos et al. 

2011, Azimzadeh 2014). In general, vertebrate centrosomes are thought to have evolved from 

internalisation of basal bodies of unicellular organisms, although several eukaryotic cells 

including plants, some fungi, and mammalian oocytes lack apparent centriole structures 

(Bettencourt-Dias 2013). Furthermore, planarians also lack centrosomes, although most 

centrosomal genes are conserved in this organism. It is believed that planarians assemble 

multiple centrioles through a de novo pathway in their ciliated cells. Thus, inactivating the 

centrosomal genes in planarians has deleterious effect on effective ciliogenesis (Azimzadeh et 

al. 2012). Occasionally, there are divergent roles of centrosomal proteins among orthologues. 

For example, in Drosophila somatic cells, SPD-2 is dispensable for the centriole duplication 

process, while the human and C. elegans orthologues are required to co-ordinate and recruit 

PCM components for efficient centrosome replication (Dix and Raff 2007, Zhu et al. 2008). 

In summary, centrosomes can be said to be highly conserved small organelles that function in 

cellular microtubule organisation and ciliogenesis. 

 

1.1.2 Centrosome functions 

The structure and functions of the centrosome are evolutionarily conserved among eukaryotic 

cells (Nigg and Raff 2009, Carvalho-Santos et al. 2011). Its major functions are to organise 

microtubules in proliferating cells and to act as a basal body for cilia and flagella assembly. 

Recently, the roles of the centrosome as a signalling hub for the activation of cellular 

processes and its role in the pathogenesis of some diseases have been described (Fukasawa, 

2007; Zhang et al. 2007; Bettencourt-Dias et al. 2011; Mullee and Morrison, 2016).  

1.1.2.1 Microtubule organising centre (MTOC) 

As the principal MTOC in proliferating cells, the centrosome is essential for MT nucleation. 

Thus, it helps to organise the microtubules that form the bipolar spindle during mitosis, and to 

orchestrate cell motility, adhesion, polarity and coordination of protein trafficking by the 

microtubule cytoskeleton (Doxsey et al. 2005; Bettencourt-Dias, 2013). The role of the 

centrosome in coordinating microtubules is facilitated by its association with γ-tubulin-ring 

complexes (γ-TuRCs) and the microtubule anchoring functions of the subdistal appendages 

(Delgehyr et al. 2005; O’Toole et al. 2012; Woodruff et al. 2014). The nucleated microtubules 

are polymerised from α and β-tubulin isoforms that grow from the minus (-) end towards the 
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plus (+) end in a GTP-dependent manner (Sept 2007). In in vitro experiments, it has been 

shown that microtubules can self-polymerise at high concentrations. However, the activity of 

the centrosome is required for their dynamic behaviour at different stages of the cell cycle 

(Sept 2007). While microtubules can be organised to form spindles through centrosome-

independent pathways in higher plants and several fungi, the centrosome is essential for 

maintaining the integrity of genetic information (Azimzadeh and Marshall 2010, Azimzadeh 

2014). Loss of centrioles in Drosophila results in delayed mitotic division, abnormal 

asymmetric neuroblast division and defective chemosensory neuronal cilia that lead to death 

early in development (Basto et al. 2006; Sir et al. 2013; Lattao et al. 2017). 

1.1.2.2 Basal body for cilia/flagella formation 

The mother centriole acts as the basal body that nucleates cilia or flagella in several 

organisms. It is believed that the eukaryotic centrioles were formed from internalisation of 

cilia at some stages during evolution (Azimzadeh 2014). During ciliogenesis, the basal body 

is first anchored to a ciliary vesicle that is continuous with the plasma membrane and allows 

for the growth of the ciliary axoneme. The ciliary membrane and the components of intra-

ciliary transport are crucial for cell signalling. Cilia can be motile or immotile. Thus, they 

have a wide range of specialized functions that have evolved and are crucial in development, 

organ homeostasis and disease (reviewed by Nigg and Raff, 2009; Bettencourt-Dias et al. 

2011; Carvalho-Santos et al. 2011; Hsiao et al. 2012; Izawa et al. 2015; also see section 1.3).  

1.1.2.3 Signalling hub 

Recent interest in the roles of centrosomes outside its known role as MTOC and basal body 

has revealed that it serves as a hub from which cellular signals emanate and that it also 

responds to intra-and extracellular cues. For example, several oncogenes and tumour 

suppressor proteins that regulate the cell cycle and facilitate DNA repair are localised to the 

centrosome (Fukasawa 2007, Nigg and Raff 2009, Izawa et al. 2015, Mullee and Morrison 

2016). Interestingly, CDK1/Cyclin B activation for mitotic entry is first seen at the 

centrosome at prophase (Jackman et al. 2003). Kinases and phosphatases such as CDC25C, 

CDC25B, PLK1 and AuroraA, which participate in promoting cell cycle progression, have 

been shown to localise to the centrosome which acts as a signalling platform (Nigg, 2001; 

Busch et al. 2007; Zhang et al. 2007; Wang et al. 2014). CHE-1, a RNA polymerase II-

binding protein and a protein that participate in DNA damage response (DDR), has been 

shown to accumulate at the centrosome after exposure to genotoxic stress. Depletion of CHE-

1 results in centrosome hyperamplification and prevents centrosomal CHK1 and pericentrin 

interaction (Sorino et al. 2013). The activities of cell cycle regulators and DNA damage 

proteins at the centrosome support the role of the MTOC as a signalling hub (reviewed by 

Krämer et al. 2011; Mullee and Morrison, 2016). 
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1.1.3 Structure of the centrosome  

A typical unduplicated centrosome is structurally composed of two cylindrical centrioles 

(namely, mother and daughter centriole) arranged orthogonally to each other. Each vertebrate 

centriole is made up of nine sets of circularly arranged triplet microtubules that form an 

elegant barrel (Azimzadeh and Marshall, 2010; Winey and O’toole, 2014). The triplet 

microtubules are known as the A, B and C-tubules (Figure 1.1). Microtubules impose polarity 

on the centriole: the microtubule plus ends are located at the distal end of the centrioles 

(Azimzadeh and Marshall 2010, Winey and O’Toole 2014). The proximal ends of the 

centrioles are embedded in the bulk of the pericentriolar material (PCM) and this is the region 

on which the cartwheel structures, that are crucial for procentriole assembly, are formed. The 

distal ends of the microtubule are surrounded by lower PCM volumes and exhibit doublet 

radial microtubules due to the shortened length of the C-tubules (Strnad and Gönzy 2008). 

The minor tubulins, δ and ε- isoforms, contribute immensely to the formation and integrity of 

the radial triplet microtubule structures of the centriole (Winey and O’Toole 2014). Figure 1.1 

shows a schematic representation of centrosome structure. 
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Figure 1.1: Centrosome and centriole structure 
A. Schematic of a typical centrosome viewed from the side (side view) during S-phase. During S-
phase, each procentriole is assembled on a carthwheel structure at the proximal ends of the mother and 
daughter centrioles that were licenced as they exited the previous mitosis. Each of the centrioles is 
composed of nine microtubule triplets. The daughter centriole lacks maturity markers, distal and 
subdistal appendages. Both parental centrioles are embedded in the PCM and are connected by flexible 
fibrous linkers. In human, the parental centrioles are approximately 450 nm long and 250 nm in 
diameter. The roman numerals designated I, II and II indicate the regions corresponding to the cross-
sections in B. (I) Cross-sectional view of the distal part of the mother centriole with the doublet 
microtubules denoted as A and B. (II) Cross-sectional view of the central part of the mother centriole 
with nine triplet microtubes. Here, the shortened C-tubules can be viewed. In each of the triplet 
microtubules, the most internal tubule is called the A-tubule, followed by the B- and C-tubule. (III) 
Cross-section view of the proximal end of the procentriole region highlighting the cartwheel structure 
and the triplet microtubules (adapted from Bettencourt-Dias and Glover 2007; Bornens and Gonczy, 
2014).  

 

The centrioles are made of numerous proteins such as ninein, centrobin, centrosomal P4.1-

associated protein (CPAP) and Sas6 that interact and stabilise tubulins (Delgehyr et al.   2005; 

Gudi et al. 2011; Zheng et al. 2016). The centrioles also organise the pericentriolar material 
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(PCM), an electron-dense, coiled-coil protein-rich structure that functions in microtubule 

nucleation and anchoring roles of the centrosome. Until recently, the PCM was thought to be 

amorphous, based on EM ultrastructure analysis. However, recent interest in its organisation 

and advances in microscopy have been used to characterise the dynamic structure of the PCM 

(Mennella et al. 2014; Woodruff et al. 2014). Pericentrin, γ-tubulin, CDK5RAP2 and 

AKAP450 are some of the large proteins localised to the PCM. The microtubule anchoring 

and nucleating activities of the PCM are mediated by γ-tubulin, a component of a tetrameric 

γ-TuSC (γ-tubulin small complex) complex. The γ-TuSC complex is made up of gamma 

complex protein 2 (GCP2) and 3 (GCP3), and two molecules of γ-tubulin (Moritz et al. 2000, 

Wiese et al. 2006). At least 6 γ-TuSC subcomplexes are held together by other members of 

the GCP family, including GCP4, GCP5 and GCP6, to form the γ-TuRC (γ-tubulin ring 

complex) structure (Moritz et al. 2000, Wiese et al. 2006). NEDD1 is a crucial recuitment 

factor of the γ-TuRC to the PCM but not for the complex assembly (Haren et al. 2006). 

Recent positional mapping of proteins has revealed a highly ordered organisation of PCM 

proteins around the centrioles, and that pericentrin and CDK5RAP2 are crucial for the 

assembly and organisation in this compartment (Lawo et al. 2012, Mennella et al. 2012). As 

the cell cycle progresses, the volume of the microtubule-nucleating PCM increases in a 

process that is synchronised with centriole maturation. This occurs prior to mitosis, a process 

that requires pericentrin activities to associate PCM and the centrioles ( Fu and Glover, 2012; 

Lawo et al. 2012). The PCM components, pericentrin and γ-tubulin, interact directly; a 

toroidal pericentrin structure acts as a docking scaffold for microtubule-nucleating γ-tubulin 

ring complexes (Fu and Glover, 2012; Mennella et al. 2014; Woodruff et al. 2014). 

Interestingly, overexpression and depletion of pericentrin result in chromosome segregation 

and proliferative defects (Purohit et al. 1999, Wang et al. 2013b). Aside from PCM expansion 

during mitosis, which facilitates the increased microtubule nucleation for the formation of a 

bipolar spindle, PCM expansion also occurs after DNA damage (Antonczak et al. 2015). 

After DNA damage, PCM expansion allows for robust centrosome amplification induced by 

genotoxic stress. 

In G1 cells, the proximal ends of the two centrioles are embedded in the highly organised 

PCM and tethered by filamentous centriole linkers. Centrosomal Nek2 associated protein 1 

(C-Nap1), rootletin, Cep68 and LRRC45 are components of the filamentous centriole linkers. 

C-Nap1 and rootletin are phosphorylated by Never in mitosis A (NIMA) related kinase 2A 

(Nek2A) after Nek2A activation by PLK1 at late G2/early M phase of the cell cycle in a 

process known as ‘centrosome disjunction/separation’ (Fry et al. 1998; Yang et al.  2006; 

Pagan et al. 2014). C-Nap1 acts as a docking platform for filamentous rootletin, LRRC45 and 

Cep68 that connects the duplicated centrosomes during interphase. The centriole linker 

functions to ensure centrosome cohesion and forms the ciliary rootlet during cilia formation. 
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Centrosome separation via the dissolution of the centriole linker and loss of C-Nap1, rootletin 

and Cep68 from mitotic centrosome is crucial for generating the two centrosomes needed for 

faithful chromosome segregation. Overexpression of rootletin results in abnormal interphase 

nuclear morphology (Yang et al. 2006) and its loss in Drosophila affects sensory neuron 

functionality (Chen et al. 2015). siRNA-mediated depletion or gene ablation of C-Nap1 

significantly affect centrosome cohesion, which causes reduced centriolar satellite numbers 

(Panic et al. 2015; Flanagan et al. 2017). Surprisingly, there was no impact on ciliation 

capacity and cellular migration speed in C-Nap1-deficient hTERT-RPE1 cells (Panic et al. 

2015; Flanagan et al. 2017) but the direction of migration was affected (Panic et al. 2015). 

Also, C-Nap1-deficient cells show a mislocalisation of rootlein that may impact functionality 

of ciliary rootlet without detrimental impact on ciliary assembly, as revealed by unaltered 

ciliation frequency and defective migration (Panic et al. 2015; Flanagan et al. 2017). 

Mother and daughter centrioles differ in age, structure and molecular composition. The 

mother centrioles of vertebrate cells have distal and subdistal appendages (see Figure 1.1A), 

which are added upon centriole maturation after the completion of one and a half cell cycle. 

The distal appendages confer ability of the mother centriole to attach to the plasma membrane 

during conversion to basal body. The distal appendages act as the transition fibre in ciliated 

cells  (Ishikawa et al. 2005; reviewed by (Winey and O’Toole 2014). Interestingly, loss of 

centriolar distal appendages, Cep164 and Cep123, prevents ciliogenesis in human cells 

(Ishikawa et al. 2005, Graser et al. 2007, Sillibourne et al. 2013). Proximal to the distal 

appendages are the microtubule nucleating and anchoring proteins (such as ninein, centriolin, 

Cep170, Gal3 and ɛ-tubulin) of the subdistal appendages (Delgehyr et al. 2005; reviewed by 

Jana et al. 2014). The subdistal appendages become the basal foot after ciliogenesis and 

contribute to the basal body’s microtubule organisation and to ciliary beating of motile cilia 

(Clare et al. 2014). 

 

1.1.4 The cell cycle and centrosome replication 

As reported by the one of the founding fathers of centrosome biology, Theodori Boveri, the 

centrosome duplicates prior to mitosis (Boveri 1887, reviewed by Scheer, 2014) but the 

mechanism of centriole duplication was not explained in his findings. Further advances in 

science and technology have facilitated the identification of the complex network of proteins 

that allow this highly co-ordinated centrosome duplication process.  We now know that the 

centrosome and cell cycles are intricately linked to ensure that centrosome duplication is 

restricted to only once per cell cycle (Tsou and Stearns 2006, Nigg and Raff 2009, Hatch and 

Stearns 2010, Fırat-karalar and Stearns 2014). The mechanism of centriole duplication can be 

summarised as comprising four discrete steps, namely centriole disengagement, procentriole 
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assembly, centrosome maturation and centrosome separation. The major events during 

centrosome duplication and the corresponding stage of the cell cycle are summarised in 

Figure 1.2. 

   

Figure 1.2: The interplay between the cell cycle and centrosome duplication 
Schematic illustration of the major events during centrosome cycle at the indicated phases of the cell 
cycle. At the M/G1 transition, the mother and daughter centrioles are licensed (formation of ‘G1-G2 
tether’) for procentriole nucleation during S-phase (centriole disengagement). During S-phase, two new 
procentrioles are assembled on cartwheel structures at the proximal ends of the parental centrioles 
(procentriole biogenesis). The perperndicularly arranged procentrioles are attached to their respective 
parental centrioles by a flexible ‘S-M linker’, and they continue to elongate throughout S and G2 
phases (procentriole elongation). At this stage, the parental centrioles are still connected by the 
intercentriolar linker. During G2, the two centrosomes recruit additional PCM and the new mother 
centriole acquires distal and subdistal appendages (centrosome maturation). Prior to mitosis, the fibrous 
G1-G2 tether is degraded (centrososome separation) and the two centrosomes migrate to form the 
bipolar spindle during mitosis. When cell exit the cell cycle into G0 (quiescent phase), the centrosome 
can assemble a primary cilium (Adapted from Nigg and Raff, 2009). 

 

1.1.4.1 Centriole disengagement 

During metaphase, each of the centrosomes that form the bipolar spindle is composed of a 

pair of centrioles arranged in a tight orthogonal conformation (Figure 1.2). Centriole 

engagement/orthogonal configuration is thought to prevent centriole reduplication in the same 

cell cycle. At the end of mitosis or in early G1, the orthogonal arrangement of the centrioles is 

lost in a process known as ‘centriole disengagement’. This process licences the centrioles for 

efficient centriole duplication at the proximal ends of each of the centrioles during S-phase 

(Tsou and Stearns 2006, Tsou et al. 2009). The involvement of Polo-like kinase 1 (PLK1) and 
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separase protease in centriole disengagement has been reported (Tsou and Stearns 2006, Tsou 

et al. 2009). The kinase and protease act during interphase and mitosis, respectively, to ensure 

centriole disengagement. Inhibition of both separase and PLK1 activities prevents centriole 

disengagement (Tsou et al. 2009). Interestingly, the chromosomal substrate for separase, 

SCC1, has been shown to localise to the centrosome and it is cleaved by the activities of 

separase in a PLK1-dependent manner (Schöckel et al. 2011). Another separase substrate, the 

PCM component, pericentrin, also contributes to centriole disengagement and its non-

cleavable form prevents faithful centriole disengagement (Lee and Rhee 2012). Securin and 

Cyclin B1 regulate the activities of separase during chromatid sister separation, while 

additional proteins are required for centrosomal separase regulation (Tsou and Stearns 2006, 

Tsou et al. 2009, Fırat-karalar and Stearns 2014). Aki1 and astrin have been identified as 

modulators of the disengagement process, since depletion of these proteins results in 

premature centriole disengagement (Nakamura et al. 2009; Mardin and Schiebel, 2012). After 

centriole disengagement, the orthogonal link between the mother and daughter centriole is 

lost and the centriole pairs are tethered by an intercentriolar linkage that extends between the 

proximal ends (see Figure 1.2). This allows each of the centrioles to move apart and recruit 

their own distinct PCM clouds in preparation for procentriole assembly (Fry et al. 1998a, 

Bahe et al. 2005, Fry 2014) The intercentriole linker is a dynamic structure that is composed 

of rootletin, β-Catenin, Cep68, Cep215 and C-Nap1 (Fry et al. 1998a, Bahe et al. 2005, 

Bahmanyar et al. 2008, Pagan et al. 2014). The process for the assembly and disassembly of 

the centriole linker is described in section 1.1.4.4.  

1.1.4.2 Procentriole assembly 

Centriole disengagement licenses the centriole for procentriole nucleation during S-phase. 

Ultrastructural studies of the centrosome cycle revealed that procentrioles are assembled 

perpendicular to and at the proximal ends of the parental centrioles in a semiconservative 

manner (Vorobjev and Chentsov 1982). Procentriole biogenesis is a highly conserved 

process, at least, among eukaryotes. The procentriole assumes a orthogonal arrangement with 

the parental centriole and such association is maintained until centriole disengagement 

(Strnad and Gönzy 2008). At the initial stage of procentriole assembly, a central tube known 

as the cartwheel structure is formed at the proximal ends of each of the licensed centrioles 

(Figure 1.2). At present, the mechanism required for identifying the exact location on on 

which the cartwheel is assembled on a symmetric centriole is still unknown. However, a 

number of proteins have been shown to localise prior to the recruitment and formation of the 

cartwheel structure, thus indicating their potential involvement in determining the site of 

procentriole assembly. It is thought that Cep192 and Cep152 localise and interact with PLK4, 

the centriole biogenesis initiator, to coordinate the process and identify the origin of centriole 

duplication in ways that are reminiscent of the origin of DNA replication (Hatch et al. 2010, 
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Sonnen et al. 2013, Fırat-karalar and Stearns 2014, O’Rourke et al. 2014). Overexpression of 

PLK4 leads to the formation of ‘centriole rosettes’, which are characterised by the formation 

of several procentrioles on a single parental centriole, while the depletion of PLK4 obliterates 

centriole duplication (Kleylein-Sohn et al. 2007, Hatch et al. 2010, Sonnen et al. 2013).  

Due to the relevance of PLK4 in centriole duplication, it is therefore not surprising that the 

cellular level of PLK4 is highly regulated through transcription, low protein half-life and 

ubiquitin-dependent proteolysis that limit its availability. This helps to ensure that centriole 

duplication occurs at a single site on the parental centriole (Kleylein-Sohn et al. 2007, Fırat-

karalar and Stearns 2014, Lopes et al. 2015). Interestingly, the correct localisation of PLK4, 

Cep192, Cep152 and its interacting partner Cep63 have been shown to be crucial for 

recruitment of Sas-6, an important component of the cartwheel structure (Nigg and Stearns, 

2011; Brown et al. 2013; Fırat-karalar and Stearns, 2014; Fu et al. 2015). Upon identification 

of centriole’s ‘origin of duplication’ and successful cartwheel assembly, the procentriole 

undergoes centriole elongation in a proximal-to-distal direction until its reaches its full-length 

in G2-phase. Centrobin, Cep120 and CPAP participate in the centriole elongation process 

through their interactions with tubulin (Mahjoub et al. 2010; Gudi et al. 2011; Zheng et al. 

2016). Emerging evidence has also revealed the functions of other proteins in procentriole 

formation and elongation process. For example, overexpression of centrobin and POC1 has 

been shown to result in the formation of overly long centriole-like structures; thus implicating 

them as participants in maintaining proficient centriole elongation (Keller et al. 2009; Gudi et 

al. 2011). 

1.1.4.3 Centrosome maturation 

Centrosome maturation occurs during the G2/M stage of the cell cycle (Figure 1.2). The 

process is marked by the recruitment of additional PCM proteins and assembly of the 

appendages on the new parental centriole which allow for its transition from daughter to a 

mother centriole  (Azimzadeh and Marshall 2010). This process is regulated by a number of 

kinases, microtubule associated proteins (MAPs) and microtubule nucleating complexes. 

PLK1 and Aurora-A kinase activities are required for PCM expansion through recruiting 

several PCM components for increase in microtubule nucleation and organisation functions 

necessary for mitosis. PLK1 interacts directly with PCM components, which include γ-

tubulin, pericentrin, CDK5RAP2, Cep192, and Aurora A. PLK1 inhibition prevents the 

accumulation of a γ-tubulin containing complex that is essential for mitotic PCM expansion, 

thus causing impaired microtubule nucleation (Lane and Nigg, 1996; Lee and Rhee, 2011; 

Joukov et al. 2014; Woodruff et al.  2014). Interestingly, in human cells, overexpression of 

pericentrin or CDK5RAP2 can result in PCM expansion, suggesting the ability of PCM 

proteins to undergo polymerisation independent of the mitotic kinase-driven expansion 



  Chapter 1 

 11 

   

(Loncarek et al. 2008b, Lawo et al. 2012). It is therefore believed that mitotic kinases, PLK1 

and Aurora A, mediate rapid and spontaneous PCM assembly to allow for increased 

microtubule-nucleating activity at mitosis.  

In addition to PLK1’s involvement in PCM expansion during centrosome maturation, it is 

also an essential mitotic kinase that is required for the assembly of distal and subdistal 

appendages in human cells (Kong et al. 2014). Chemical inhibition of PLK1 blocked the 

recuitment of appendage proteins on the younger mother centriole, while the previously 

matured centriole was unaffected (Kong et al. 2014). Exogenous expression of activated 

PLK1 results in premature centriole disengagement and the accummulation of appendage 

proteins in S-phase or cycling daughter centrioles. The functionality of the prematurely-

acquired appendages was determined  by their ability to support ciliogenesis, thus leading to 

an increase in the number of biciliated cells (Kong et al. 2014). 

1.1.4.4 Centrosome separation 

Prior to mitosis, the two duplicated centrosomes are in close proximity and act as a single 

MTOC. As depicted in Figure 1.2, a fibrous linker, also called the G1-G2 tether, connects the 

proximal ends of the two parental centrioles in the duplicated centrosomes. The parental 

centrioles that served as template for procentriole assembly during the S-phase are attached to 

their respective procentrioles by a dynamic flexible S-M linker (Nigg and Stearns 2011). At 

late G2 phase, the G1-G2 tether is disassembled to allow for bipolar spindle assembly and 

faithful segregation of the chromosome. C-Nap1, rootletin, and Cep68 are some of the 

proteins that participate in maintaining centrosome cohesion (Fry et al. 1998; Yang et al.  

2006; Pagan et al. 2014). A physiological agonist that promotes centriole linker disassembly 

and centrosome disjunctioning is the kinase, Nek2. It phosphorylates both C-Nap1 and 

rootletin to drive centrosome disjunction and centrosome migration to the spindle poles (Fry 

et al. 1998; Bahe et al. 2005; Yang et al. 2006; Kim et al. 2008; Hardy et al. 2014). A 

mechanistic explanation of the involvement of Nek2 is that it hyperphosphorylates the C-

terminal of C-Nap1 to prevent its oligomerisation and interaction with the Cep135 

(centrosomal protein of 135 kDa) and rootletin (Fry et al. 1998a); thereby disrupting the 

stability of the filamentous intercentriolar linker. On the other hand, centriole linker assembly 

and centriole cohesion require the interaction between the C-terminal end of a centriolar 

protein, Cep135, and C-Nap1, a protein that act as a platform for rootletin and other centriole 

linker proteins that form the fibrous linker (Fry et al. 1998; Bahe et al. 2005). A physiological 

antagonist of Nek2 activity is the PP1 phosphatase, specifically the PP1α isoform, which 

regulates centrosome cohesion through dephosphorylating C-Nap1 after mitosis. As a result, 

C-Nap1 is stimulated to play its role in the assembly of inter-centriolar fibrous linker complex 
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between the centrioles and reform a connection between the two parental centrioles (Meraldi 

and Nigg 2001, Mi et al. 2007). 

1.1.4.5 The link: cell cycle regulators in the centrosome duplication process 

DNA and centrosome replication are two important events during cell proliferation that 

facilitate faithful transmission of genetic information from a single mother cell to two 

genetically identical daughter cells. To ensure tight coordination of both processes, several 

cellular constituents are associated with regulation of the molecular events involved in both 

DNA and centrosome duplication. 

The core regulators of the cell cycle are members of the Cyclin-dependent kinase (CDK) 

family. The CDKs are family of serine/threonine protein kinases that control both centrosome 

and cell cycle progression. CDK levels, activities and binding to the regulatory Cyclins are 

constantly changing in a regulated fashion depending on the stage of the cell cycle. During 

G1, the D-type Cyclins (Cyclin D1, D2, D3) and their interacting partners, CDK4 and CDK6 

are activated through complex mitogenic signalling that promote the synthesis of Cyclin E 

and A (Sherr and Roberts 2004). Cyclins E, A1, A2 and their interacting partner, CDK2, 

coordinate the centrosome and cell cycle by phosphorylating their substrates to promote G1/S 

transition into S-phase (Sherr and Roberts 2004, Adon et al. 2010). For example, 

CDK2/Cyclin E complex promotes DNA synthesis by phosphorylating Rb and inhibiting 

CDK-inhibitory kinases (CKIs) that prevent cell cycle progression (Sherr and Roberts 2004). 

At the centrosome, CDK2 phosphorylates centrosomal NPM/B23 to promote centrosome 

licensing for S-phase duplication (Matsumoto and Maller 2004, Sherr and Roberts 2004). 

CDK2 also promotes the activation of PLK4 at the centrosome through a yet to be identified 

mechanism (Adon et al. 2010). The mitotic CDK1 can associate with Cyclins B1 and B2 and 

also the Cyclin A from S-phase. However, the CDK1/CyclinB1 complex is only activated 

upon entry of CDC25 phosphatase to the nucleus to block the inhibitory activities of WEE-1 

and Myelin transcription factor 1 (MYT-1) on M-phase CDK1 (Sherr and Roberts, 2004; 

Wang et al. 2014).  Interestingly, both CDK1/Cyclin B and CDC25C localise to the 

centrosome and their activated forms are seen at the centrosome at prophase, where their 

activation regulates the activities of some centrosomal components (Jackman et al. 2003; 

Busch et al. 2007; Fu et al.  2015).  

In addition to the CDKs, the anaphase promoting complex or cyclosome (APC/C) also 

regulates cell cycle progression through the ubiquitination of key regulatory substrates to 

allow for their degradation (Nigg 2001). Perturbing the coordination between the centrosome 

and cell cycle can uncouple both cycles, as is observed in many cancer cells and after 

exposure to genotoxic stress (Badano et al. 2005; Fukasawa, 2007; Bettencourt-Dias et al. 

2011). 
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1.2 The DNA damage response 

To combat threats to the genome and its information posed by constant exposure to genotoxic 

stress which may be from endogenous or exogenous sources, cells have evolved mechanisms 

to detect damaged DNA and signals to facilitate its repair in a process collectively termed the 

DDR. Reactive oxygen species, originating from cell metabolism, and replication errors, such 

as stalled and collapsed replication forks, are some of the endogenous threats to the genomic 

DNA. External sources of damage to the genomic DNA include exposure to DNA-damaging 

agents like ionizing (IR), ultraviolet (UV) radiation and genotoxic chemicals such as 

alkylating agents (e.g methyl methanosulphate and mitomycin C). Irrespective of the source 

of genotoxic stress, DNA damage jeopardizes a chromosome’s physical and informational 

integrity, which is essential for its correct segregation during mitosis and meiosis and which 

is essential for accurate expression of its genes. Thus, damage can result in genome 

instability, immunodeficiency, premature aging and cell death (reviewed by Ciccia and 

Elledge, 2010). Since DNA damage comes in multiple forms, cells have evolved multiple 

mechanisms for dealing with serious lesions. For example, erroneous insertions introduced by 

DNA polymerases during replication are a common source of single base insertions, 

mismatches or deletions. Normally these lesions are repaired by nucleotide, base excision or 

mismatch repair (NER, BER or MMR) (Katsura et al. 2009, Ciccia and Elledge 2010, 

Burgess and Misteli 2015, Chatterjee and Walker 2017). DNA damage caused by thymidine 

dimers introduced by UV radiation is repaired by NER (Chatterjee and Walker 2017). Double 

strand breaks (DSBs), which can be caused by ionizing radiation or chemotherapeutic drugs, 

are regarded as the most deleterious DNA lesion, as they can lead to gene fusions or 

chromosome rearrangement. DSBs are commonly repaired through two conserved pathways 

which are non-homologous end joining (NHEJ) or homologous recombination (HR) 

(reviewed by Burgess and Misteli, 2015; Chatterjee and Walker, 2017). Although DNA 

methylation, alkylation, oxidation or hydrolysis are commonly repaired by BER, they may be 

converted to DSBs when the adducts obstruct the replication or transcription machineries 

(Knipscheer et al. 2009, Chatterjee and Walker 2017). 

 

1.2.1 DNA damage checkpoints 

After exposure to genotoxic insult, the cell cycle is halted to allow cells sufficient time for the 

repair of DNA lesion in a process termed the DNA damaged-induced cell cycle checkpoint. 

This process helps to prevent the propagation of damaged DNA to the subsequent cell 

generations. Cell cycle checkpoints are activated between cell cycle phase transitions, and 

may be divided into: G1/S transition (G1/S), mid-S phase (Intra-S) or G2/M transition 
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(G2/M). The checkpoint kinases, CHK1 and CHK2, and tumour suppressor, p53, are 

important for efficient checkpoint activation in response to DNA damage (Dasika et al. 2000; 

Vogelstein et al. 2000; Bartek and Lukas, 2003; Satyanarayana and Kaldis, 2009; Stracker et 

al. 2009).  

 

1.2.1.1 G1/S checkpoint 

This checkpoint prevents entry into S-phase and ensures that damaged DNA is not replicated, 

thus preventing cell transformation and oncogenesis. Upon detection of damaged DNA by the 

sensor proteins, ATR and ATM, they activate the checkpoint kinases, CHK1 and CHK2, 

respectively. Both CHK1 and CHK2 can phosphorylate CDC25A; this inhibitory 

phosphorylation prevents the roles of CDC25A in CDK2 activation and interaction with 

Cyclin E (Bartek and Lukas, 2003; Satyanarayana and Kaldis, 2009; Stracker et al. 2009). 

Since CDK2/Cyclin E interaction is required for S-phase entry, activation of the ATM-

CHK2-CDC25A or ATR-CHK1-CDC25A pathway in response to IR or UV and replication 

stress induces G1/S-phase cell cycle arrest (Falck et al. 2001). In addition, ATM and ATR 

also phosphorylate p53 on Ser15 in an independent pathway to induce cell cycle checkpoint 

arrest. CHK1 or CHK2 can also activate p53 by phosphorylating its amino residues, Thr18 

and Ser20 (Vogelstein et al. 2000; Stracker et al. 2009). Activated p53 acts as a tumour 

suppressor and a gene transcription activator that upregulates expression of genes such as p21 

and GADD45 (a growth arrest and DNA damage responsive gene). Also, phosphorylation of 

p53 on Ser15 prevents its interaction with MDM2 (mouse double minutes 2), ubiquitin ligase 

that targets it for degradation (Shieh et al. 1997). A p53-induced increase in the cellular levels 

of p21 also inhibits the CDK2/Cyclin B and CDK4/Cyclin D complexes to prevent entry into 

S-phase in response to DNA damage (Harper et al. 1995). After successful DNA repair or cell 

adaptation to the damaged DNA, the G1/S checkpoint is deactivated, similarly through a 

plethora of post-translational modifications that promote cell progression in a poorly-

understood mechanism.  

 

1.2.1.2 Intra-S checkpoint 

The intra-S phase checkpoint is activated when cells enter S-phase with DNA damage or 

when cells acquire damage during S-phase. The DNA lesion is detected by the sensor 

proteins, which then signal to block replication progression. A requirement for ATM/ATR, 

BRCA1 and the MRN complex during S-phase checkpoint activation and signalling has been 

well established (D’Amours and Jackson, 2001; Usui et al. 2001; Falck et al. 2002; Stracker 

and Petrini, 2011). While ATM detects DSBs, ATR senses the presence and accumulation of 

ssDNA at stalled replication forks. Similarly, activation of ATR/ATM–CHK1/CHK2–
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CDC25A pathway inactivates CDK2 which prevents CDC45 loading onto origin of 

replication (Chow et al. 2003; Watanabe et al. 1995). Some of the roles of CDC45 are the 

recruitment of DNA polymerase α to pre-replication complex and initiation of DNA 

replication, thus intra-S phase checkpoint activation inhibits additional DNA synthesis and 

origin firing (Takisawa et al. 2000; Falck et al. 2001). In an independent pathway, ATM also 

mediates the phosphorylation of SMC1 (Structural maintenance of chromosomes protein 1) 

and FANCD2 (Fanconi Anemia Complementation Group D2) in an NBS1-dependent 

pathway (Kitagawa et al. 2004, Ho et al. 2006) SMC1 phosphorylation leads to a loss of sister 

chromatid cohesion, while FANCD2 phosphorylation leads to BRCA1-mediated transcription 

of GADD45, which promotes intra-S checkpoint activation. Cell cycle progression is 

stimulated after cells adapt or recover from the damage that provoked the intra-S checkpoint 

by upregulating genes required for DNA replication in a process that requires the activities of 

the SCFFBW7 (Skp, Cullin, F-box and WD Repeat Domain Containing 7) E3 ubiquitin ligase 

complex and CDK2/Cyclin A (Coverley et al. 2002; Giráldez et al. 2014). 

 

1.2.1.3 G2/M checkpoint 

The G2/M checkpoint is operational during the late G2 phase, thus preventing mitotic 

segregation of damaged DNA. Similar to the G1/S- and intra S- checkpoints, the G2/M 

checkpoint activation is triggered by ATM/ATR-dependent phosphorylation of CHK2/CHK1, 

depending on the DNA damage type. CDC25C, a substrate of both CHK1 and CHK2, 

becomes phosphorylated at Ser216 and this inhibits its ability to dephosphorylation CDK1 on 

Thr14 and Tyr15 (Peng et al. 1997; Sanchez et al. 1997; Matsuoka et al. 1998; Donzelli and 

Draetta, 2003) CDK1 dephosphorylation by CDC25C phosphatase activates CDK1 for its 

mitotic roles.  Furthermore, the phosphorylated CDC25C also binds to the 14-3-3 protein, an 

interaction that negatively regulates mitosis through transducting an inhibitory signal to 

CDK1 (Peng et al. 1997, Hermeking 2003). This inhibitory signal results from 14-3-3 

preventing nuclear localisation of CDC25C and thereby sequestering its interaction with 

CDK1. In addition, WEE-1 kinase activity is upregulated upon detection of DNA lesions 

(Lindqvist et al. 2009). WEE-1 kinase phosphorylates CDK1 at Thr14 and Tyr15 to maintain 

the CDK1/Cyclin B complex in an inactive state, thus contributing to the inhibition of mitotic 

progression (Lindqvist et al. 2009).  

Another mechanism through which cells prevent cell cycle progression is through the 

downregulation of PLK1 activity by the checkpoint kinases (Tang et al. 2006; Lindqvist et al. 

2009). PLK1 is required for promoting nuclear localisation of CDC25C and for inhibitory 

phosphorylation of WEE-1 and MYT1 to drive entry into mitosis (Hermeking, 2003; 

Lindqvist et al. 2009; Zitouni et al. 2014). Similar to G1/S checkpoint, p53-induced 
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upregulation of p21 levels can results in p21 inhibition of CDK1/Cyclin B (Bunz et al. 1998). 

Upon successful DNA repair, the proficient checkpoint is deactivated through a PLK1-

dependent phosphorylation of WEE-1, Aurora A and Claspin which promotes mitotic entry 

through an unknown mechanism (Lindqvist et al. 2009; Zitouni et al. 2014; Shaltieì et al. 

2015). To downregulate p53-dependent activities that are required for G2/M arrest, TRIM24 

and MDM2 ubiquitin ligase as well as Wip1 activities are required to promote cell cycle 

progression after checkpoint silencing (Honda and Yasuda, 2000., Lu et al. 2007, Jain et al. 

2014). 

 

1.2.2 Single strand break repair 

Single strand breaks (SSBs) can result from oxidative damage to the deoxyribose and are 

primarily detected by the PARP proteins. In the presence of SSBs, the two zinc fingers of 

PARP1 are transiently activated to undergo conformational changes leading to synthesis of 

poly (ADP-ribose) (PAR) branched chain at the site of DNA lesions (Ciccia and Elledge, 

2010; Genois et al. 2012; Chatterjee and Walker, 2017). Activated PARP acts on H1 and H2B 

histones to contribute to chromatin remodelling which act as a platform for recruitment of 

DNA repair proteins. Then, the PAR chains undergo rapid disassembly by PAR glycohydrase 

(PARG) within minutes of SSB detection; this disassembly allows for restoration, detection 

and signalling of the next SSB by PARP proteins (Ciccia and Elledge 2010, Chatterjee and 

Walker 2017). XRCC1-interacting endonucleases APE1 (Apurinic/apyrimidinic endonuclease 

1), APTX (Aprataxin), APLF (Aprataxin-and-PNK-like factor), and FEN1 (Flap 

endonuclease 1) remove the damaged DNA in a process dependent upon PARP1 and PCNA 

and the ssDNA gap is filled by DNA polymerase β (Lan et al. 2004; Mortuse- wicz et al. 

2006; McKinnon and Caldecott, 2007; Caldecott, 2008). 

While PARP can bind to damaged ssDNA, it has a lower affinity for SSBs compared to DSBs 

(D’Silva et al. 1999). RPA complex can also bind to ssDNA to prevent DNA degradation by 

DNA endonucleases and recruit DNA repair factors to the site of DNA lesion. RPA recruits 

RAD17 complex and the RPA and RAD17 complexes subsequently recruit RAD9-RAD1and 

HUS1 (9-1-1) complex. Once recruited, the 9-1-1 complex stimulates ATR-dependent 

activation of CHK1 as well as recruiting ATR/ATR-interacting protein (ATRIP) to ssDNA 

breaks. ATR then undergoes autophosphorylation on Thr 1989 in response to many forms of 

genotoxic stress, including DNA cross-links, base modifications, and stalling of replication 

forks, while ATM is primarily responsive to DSBs (Zou and Elledge, 2003; Ball et al. 2005; 

Liu et al. 2011). TOPBP1 has also been shown to play a key role in ATR signalling to 

mediate repair of the ssDNA. It was previously believed that its recruitment is dependent on 

its interaction with the 9-1-1 complex; a recent finding has shown that its recruitment to the 
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site of damage is mediated by interaction between TOPBP1-BRCT2 domain and ssDNA-

bound RPA complex (Lee et al. 2007; Acevedo et al. 2016). The ATR pathway activation 

leads to cell cycle delay and subsequent recruitment and activation of DNA polymerases α, δ 

and ε for repair of damaged DNA, thus maintaining genome integrity (Maréchal and Zou 

2015). 

 

1.2.3 Double strand break repair pathways  

As implied by the name, DSBs involve damage to both strands of phosphodiester backbone 

within close proximity, and they are highly toxic to cells. They can arise from exposure 

genotoxic stresses such as IR or various chemical agents. DSBs may be particularly difficult 

to repair and unresolved DSBs can result in genetic instability arising from loss of genetic 

information or gene rearrangement. In eukaryotic cells, there are two major pathways for the 

repair of DSBs - homologous recombination (HR) and non-homologous end joining (NHEJ) 

(Chatterjee and Walker 2017). One of the earliest events in the identification of DSB involves 

chromatin modifications that trigger a cascade of events to signal for DNA repair (Chatterjee 

and Walker 2017). 

1.2.3.1 Homologous recombination (HR) repair 

Homologous recombination (HR) is an essential, error-free DNA repair mechanism that is 

predominantly used during S and G2 phases due to the requirement of a sister chromatid or 

the homologous chromosome for repair of the DSB. HR is a highly important mode of DSB 

repair and HR defects have been associated with increased mutagenesis, cancer predisposition 

and developmental defects (Morrison et al. 2000, Ciccia and Elledge 2010, Genois et al. 

2012, Chatterjee and Walker 2017). At the onset of HR activation, the MRN complex, 

composed of MRE11, RAD50, and NBS1, binds to the free ends of the DNA lesion and 

recruits ATM to the site of DNA damage (Stracker and Petrini, 2011; Chatterjee and Walker, 

2017). The MRN complex, CtIP (CtBP-interacting protein), BRCA1 and activated ATM 

trigger nucleolytic degradation of the DSBs to form ssDNA around the 5’ ends of the lesion. 

An extended region of 3’ overhang ssDNA is then formed by the exonuclease activities of 

DNA2 and EXO1 or BLM. The ssDNA-binding protein, RPA (RPA1, RPA2 and RPA3) 

complex, immediately accumulates at the ssDNA overhangs to stabilise the region for repair. 

RAD51-ssDNA nucleofilaments are assembled in a process that displaces RPA from the 

ssDNA and requires the activities of PALB2 and BRCA2 (West, 2003). BRCA2 and RAD51 

interact directly, and the interaction between RAD51 and the BRCA2 C-terminus is important 

for HR. Upon assembling to the damage site, RAD51 searches for homologous sequence and 

mediates invasion of a nearby homologous duplex DNA to form a D-loop. RAD54 
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contributes to the activity of RAD51-dependent strand invasion process and also removes 

RAD51 to expose the 3’ OH (hydroxyl) ends to prime DNA synthesis by DNA polymerases 

δ, ϕ and µ (Mazin et al. 2010; Sebesta et al. 2013). DNA synthesis of the invading strand 

occurs in the 5’-3’ region using the donor homologous strand as a template to replace the 

nucleotides resected at the damaged site in a process known as strand extension.  

Two main pathways have been described for the final stage of the HR repair process. The 

synthesis dependent strand annealing (SDSA) pathway requires RTEL helicase which 

promotes reannealing of the processed DNA ends after displacement of the RAD51 

nucleofilament, D-loop dissociation and minimal strand extension (West, 2003). In the DSB 

repair (DSBR) model, the newly repaired DNA can be captured and interlocked with the end 

of the loop branch to a form a double Holliday junction (HJ) that can be dissolved or resolved 

to separate the repaired DNA from the template strand. Different cellular mechanisms and 

resolvases have been shown to potentially process the HJ. Depending on the orientation of 

cleavage, GEN1 (Gen homologue endonuclease 1), the heterodimeric MUS81-EME1 

complex and the SLX1-SLX4 complex have been shown to resolve the HJ to yield either 

crossover or non-crossover products. The BLM-TOPOIII-RMI1-RMI2 complex, which 

contains the BLM helicase, has been to result in HJ dissolution which exclusively favours 

formation of non-crossover recombinants  (Wu and Hickson, 2003). To date, the mechanism 

for the preferential selection of pathway for the resolution or dissolution of HJ is yet to be 

fully understood. Figure 1.3 summarises the HR-mediated repair of DSBs. 
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Figure 1.3: DSB repair via Homologous recombination (HR) 
Schematic representation of major events in the HR-mediated repair of DSBs. Briefly, DSB is detected 
and resected by the MRN complex and CtIP in the presence of BRCA1 and ATM. Further resection in 
the 5’- 3’ direction is carried out by DNA2 and EXO1. The single stranded DNA generated are 
immediately coated by RPA complex. Subsequently, RAD51 displaces RPA in a RAD54- and 
BRCA2-dependent manner to mediates homology search on the sister chromatids. The final stage of 
the repair process can be carried out using either SDSA or DSBR (see text for further details). 
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1.2.3.2 Non-homologous end joining (NHEJ) 

NHEJ is the predominant choice of DSBs repair during G1/early S phase due to the absence 

of the sister chromatid DNA template that is required for successful HR pathway. Unlike HR, 

it is an error prone process due to the direct end-to-end ligation of the DNA lesion. NHEJ 

does not require DNA end resection; instead, it is instigated by the binding of heterodimeric 

Ku70/80 ring structure to the DNA break site (Jackson 2002, Davis and Chen 2013). Binding 

of Ku aligns, stabilises and prevents degradation of the DNA ends and also activates the PI3K 

component of DNA-PKcs which, in a complex with the Ku heterodimer, forms a functional 

DNA-PK holoenzyme that undergoes autophosphorylation to promote recruitment of other 

NHEJ repair proteins. The order of recruitment of the NHEJ DNA repair proteins is 

dependent on the complexity of the DNA damage (blunt or non-blunt ends) (Chatterjee and 

Walker 2017). Artemis, PNK (polynucleotide kinase), APLF, WRN (Werner syndrome), 

APTX and Ku initiate DNA end processing in an ATR/ATM-dependent manner, which is 

filled by the template-dependent polymerase, µ, or the template-independent polymerase, 

λ (Davis and Chen 2013, Chatterjee and Walker 2017). To complete the NHEJ repair process, 

XRCC4/LIG4 is recruited to the break site to promote the religation of the ends of the DNA 

strands with the help of the stimulatory factor XLF (XRCC4-like factor) (Lieber 2010, 

Chatterjee and Walker 2017). A summary of the major events in DSB repair via the NHEJ is 

shown in Figure 1.4. 
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Figure 1.4: DSB repair via non-homologous end joining 
Schematic showing the mechanism for DSB repair by NHEJ. Briefly, the damaged DNA ends are 
detected by the Ku 70/80 heterodimer to initiate the NHEJ pathway. The Ku complex recruits the 
catalytic substrate, DNA-PKcs, to form DNA-PK holoenzyme that facilitates the recruitment of 
Artemis, PNK, APLF, WRN and APTX complex. This complex is required for DNA end-processing in 
an ATR/ATM-dependent manner. The processed DNA is then filled by either DNA polymerase λ/µ. 
XRCC4 and DNA ligase IV complex facilitates the final end-joining (ligation). 

 

1.3 Cilia 

Cilia and flagella are essential and highly conserved organelles found on the cell surface of 

most eukaryotic cells. Cilia were described about a century ago in rabbit and human kidney 

cells (Zimmermann 1898), and in recent years, dysfunction in cilia-related proteins has been 

shown to result in human diseases, termed ciliopathies (Goetz and Anderson, 2010). Cilia 

have very well-established roles as motile and sensory organelles in various species (Pazour 

and Witman 2003, Kramer-Zucker et al. 2005, Shah et al. 2009, Goetz and Anderson 2010). 

Cilia are categorised based on their ability to move. Motile cilia have the ability to generate 

beats that are propagated from the base to the tip of the cilium. This beating propels fluid or 

facilitates cell motility, as it is seen in mammalian respiratory passages and spermatozoa, 
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respectively. In contrast to the motile cilia that can exist in groups or as single organelles as 

per the examples above, primary (immotile) cilia exist as single cellular projections that 

perform key sensory functions (Goetz and Anderson 2010). Primary cilia are important for a 

variety of vertebrate developmental and cellular functions. These include the detection of 

mechanical and chemical cues to induce intracellular responses that are necessary for 

processes such as embryogenesis and brain development (reviewed by Pazour and Witman, 

2003; Gerdes et al. 2009; Goetz and Anderson, 2010). The primary cilium mediates these 

physiological roles through mechanisms such as the Hedgehog, Wnt and platelet-derived 

growth factor (PDGF) signalling pathways (Corbit et al. 2005; Schneider et al. 2005; Gerdes 

et al. 2009; Lancaster et al. 2011). 

1.3.1 Structure of the primary cilium 

Cilia, irrespective of the type, consist of nine circumferentially arranged pairs of microtubule 

doublets with the motile cilia having a central microtubule pair (‘9+2 configuration’), which 

is absent in a primary cilium (‘9+0 configuration’). Importantly, the primary cilia also lack 

the axonemal dynein that confers the mechanical force required for ciliary beating (Gibbons 

and Rowe 1965, Yagi et al. 2005). However, there are some exceptions to this configurational 

classification: for example, mouse nodal cilia are motile and exhibit the 9+0 microtubule 

arrangement, while kinocilia are non-motile and have the 9+2 doublets microtubule 

arrangement. 

As shown in Figure 1.5, the primary cilium is assembled on a mother centriole that is docked 

to the plasma membrane (called the ‘basal body’ only when docked) during G1/G0. Primary 

cilia are resorbed prior to mitosis to allow the mother centriole to function as part of the 

centrosome (Izawa et al.   2015). A striking feature of the primary cilium is the microtubule-

based axoneme that protrudes from the cell surface into the extracellular space (see Figure 

1.5). The cylindrical array of doublet axonemal microtubules is arranged continuously from 

the nine doublet microtubules at the distal end of the basal body. Upon mother centriole 

conversion to a basal body, the distal appendages form the transition fibre that anchors the 

basal body to the plasma membrane. Ablation of one of the distal appendage proteins, such as 

Cep123, SCLT1, Cep83, FBF1, Cep164, and Odf2, prevents ciliogenesis in human cells 

(Daly et al.  2016; Graser et al. 2007; Ishikawa et al. 2005; Sillibourne et al. 2013; Tanos et 

al. 2013). The transition zone, the region where the basal body microtubules convert into the 

axonemal doublet microtubules, serves as a selective barrier that controls protein and lipid 

diffusion between the plasma and ciliary membranes. It consists of transition fibres, Y-links 

that connect axonemal microtubules to the ciliary membrane, and the ciliary necklace (Hsiao 

et al.  2012; Szymanska and Johnson, 2012). The exact organisation of the transition zone is 

unknown. It is thought that some nephronophthisis (NPHP) proteins and Meckel syndrome-
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associated (MKS) proteins interact to form this region. Also, loss of transition zone proteins 

has been associated with perturbed basal body docking or defective Y-links formation in 

human ciliopathies such as NPHP and MKS (Garcia-Gonzalo et al. 2011, Szymanska and 

Johnson 2012). 

Figure 1.5: Structure of the primary cilium 
A. Electron micrograph of a primary cilium of hTERT-RPE1 cell. Purple and green boxes indicate the 
basal body and axoneme region respectively. Scale bar, 500 nm. B. Schematic showing the structure of 
a basal body within the centrosome, the transition zone, the ciliary pocket, and the ciliary axoneme. 
The distal and subdistal appendages become transition fibres and basal feet, respectively.  The ciliary 
membrane is continuous with the plasma membrane, but it is functionally distinct. Y-links and the 
transition fibres make the transition zone that controls protein and lipid movement into and out of the 
primary cilium (see text for further details). 

 

The axonemal doublet microtubules, the A- and B- tubules, are polymerised from intracellular 

tubulin pools, with the growing (+) ends at the ciliary tip axoneme. Adjacent outer 

microtubules are interconnected by nexin links. The tip of the cilium contains singlet 

microtubules that contribute to motile and sensory functions (Fisch and Dupuis-Williams 

2011). The ciliary microtubules undergo post-translational modifications, such as acetylation, 

detyrosination, polyglutamylation and glycylation, that promote axonemal stability 

(Hammond et al. 2008). 

For axonemal growth to occur, ciliary proteins are transported to and from the cilia tip by 

intraflagellar transport (IFT). The IFT particles, which are composed of the IFT-particle 

subcomplexes, IFT-A and IFT-B, IFT motor proteins, and BBSomes, support bidirectional 

transport (retrograde and anterograde movement) of IFT cargoes along the axoneme. They are 

crucial for cilium assembly and maintenance (Pedersen and Rosenbaum, 2008; Hsiao et al. 
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2012). The anterograde IFT particle is powered by heterotrimeric kinesin-II complex and 

homodimeric OSM-3 that facilitate transport from the base of cilium to the distal tip, while 

retrograde transport is coordinated by oligomeric dynein-II complex which allows for 

movement from ciliary tip back to the cell body (Qin et al. 2004, Pedersen and Rosenbaum 

2008, Fisch and Dupuis-Williams 2011). The kinesin-II complex is made up of two motor 

domains, Kif3A and Kif3B, and a non-motor domain known as kinesin-associated protein 

(KAP). On the other hand, the oligomeric dynein-II complex consists of four homodimeric 

subunits: a heavy chain DYNC2H1, a light chain, DYNC2LI1, an intermediate chain, 

WDR34 and a light chain DYNLL1 (reviewed by Qin et al. 2004; Pedersen and Rosenbaum, 

2008). Both anterograde and retrograde transport are crucial for the assembly and 

disassembly of primary cilia, respectively. The IFT subcomplexes, IFT-A and IFT-B, are 

involved in retrograde and anterograde transport, respectively (Pedersen and Rosenbaum 

2008, Goetz and Anderson 2010). The BBSome is formed from a biochemically stable 

complex of seven BBS gene products (BBS1, 2, 4, 5, 7, 8, and 9) (Jin and Nachury 2009, Wei 

et al. 2012). The BBS genes are highly conserved among ciliated organisms and mutation in 

at least 12 BBS genes in human can cause Bardet-Biedl syndrome (BBS) (Jin and Nachury 

2009). Mutations in components of the IFT particles have been linked to a range of 

ciliopathies (Pazour et al. 2000; Hildebrandt et al. 2011). 

The ciliary axoneme is located within the ciliary membrane which is made up of the ciliary 

pocket and sheath (Benmerah 2013). The ciliary membrane is contiguous with the plasma 

membrane, but is morphologically and functionally distinct due to the localisation and 

diffusion of specialised sensory and signalling receptors (Hu et al. 2010, Bloodgood 2012). 

This diffusion compartment limits the exchanges between the cilium and cytoplasm. The 

ciliary pocket is characterised by the invagination of membrane that is almost perpendicular 

to the axoneme and then folds toward and along the cilium. The presence of budding clathrin-

coated and actin patches maintains the shape and integrity of the ciliary pocket, and also 

facilitates endocytosis at this region of the primary cilium (Benmerah, 2013). Recently, 

clustered cilia that shared the same ciliary pocket have been reported to have reduced levels 

of ciliary membrane proteins, implicating the ciliary pocket as a rate-limiting structure for 

trafficking ciliary proteins (Mahjoub and Stearns 2012). The ciliary sheath is formed from the 

ciliary vesicle and persists with the cilium structure. During ciliary morphogenesis, the 

extending axoneme lengthens, and the sheath enlarges to accommodate the shaft. The sheath 

and ciliary pocket are more prominent on cells whose basal bodies lies deep within the 

cytoplasm than those whose basal body is in the proximity of the plasma membrane (Sorokin, 

1962).  
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1.3.2 Functions of primary cilia 

In contrast to primary cilia that are present on almost all cells in the human body, motile cilia 

are restricted to the sperm, cells in the nervous system, and the epithelial cells of the airway 

and oviduct. Multiple motile cilia of the epithelial cells and nervous system are characterised 

by their ability to beat synchronously and direct extracellular flow of mucus, ovum movement 

through the fallopian tube, and cerebrospinal fluid through the cerebral ventricles (Pazour and 

Witman 2003, Goetz and Anderson 2010). In mammalian cells, primary cilia are commonly 

solitary where they act as sensors for extracellular chemicals, mechanical modulators and as 

photoreceptors in cells such as pancreas, kidney and eyes, respectively. Motile cilia of the 

human airway epithelia that facilitate mucus flow also act as chemosensors for the bitter taste 

receptor (Shah et al. 2009). The presence of chemosensor receptors on these motile cilia was 

demonstrated through the localisation of sensory-related gene products such as T2Rs (Taste 

receptor type 2 family), α-gustducin, PLC-β2 (phospholipase C β2), and an increase in 

intracellular Ca2+ levels of ciliated cells upon exposure to bitter compounds. These 

experiments show that motile cilia, like the primary cilia, can serve sensory functions. 

As an extracellular sensor, the ciliary membrane is decorated with high numbers of 

transmembrane receptors and ion channels. These confer chemosensory and mechanosensory 

capabilities upon the primary cilia, and the involvement of primary cilia in several signalling 

pathways such as Wnt, SHh, and PDGF has been well described (Hooper and Scott 2005, 

Corbit et al. 2005). An example of the involvement of primary cilia in Hh signalling is seen in 

its diverse roles in animal embryo and bone development, tissue homeostasis and metabolism 

(Hooper and Scott 2005, Corbit et al. 2005). Sonic (SHh), Indian (IHh), and Desert (DHh) 

Hedgehog are the three known families of Hh signalling. All Hh proteins are synthesised as 

inactive precursors that possess an amino-terminal (HhN) region which mediates Hh 

signalling and a carboxy-terminal (HhC) intein-like domain that is later removed by 

autocatalytic cleavage (Perler et al. 1995, Perler 1998). The Hh signalling agonist mediates its 

effects by inhibiting the negative regulator of Hh pathway, patched (PTCH), a 12 

transmembrane receptor. As shown in Figure 1.6, in the absence of Hh, PTCH represses the 

functions of Smoothened (Smo), a seven-transmembrane protein, that acts as the central 

positive mediator of Hh signalling. PTCH translocalises to the primary cilium when activated 

(Hooper and Scott 2005, Corbit et al. 2005). The stoichiometric binding of SHh to PTCH is 

regulated by Hh binding proteins such as the positive regulator, Hh-interacting protein 

(HHIP), and the negative regulator, Growth arrest-specific gene 1 (GAS1) (Hooper and Scott, 

2005; Wong and Reiter, 2008, see Figure 1.6). Upon binding of Hh to PTCH1, the 

transmembrane receptor is internalised to allow for translocalisation of Smo from the 

intracellular vesicle to the primary cilium (Wong and Reiter 2008, Lu et al. 2015b, Sánchez 
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and Dynlacht 2016). Smo activation and translocalisation allows for the uncoupling of 

Glioma (GLI) proteins from their inhibitor, suppressor of fused (SUFU). The inhibitor blocks 

transcriptional activities and translocation of GLI proteins to the nucleus where they can 

activate the transcription of Hh target genes (Hooper and Scott 2005, Wong and Reiter 2008). 

Figure 1.6: Primary cilium and hedgehog (Hh) signal transduction 
A. In the absence of Hedgehog (Hh) ligand, Patched (PTCH) inhibits Smoothened (Smo) localisation 
the the primary cilium. Nuclear translocation of Glioma (GLI) protein is also inhibited by Suppressor 
of fused (SUFU) to repress transcription of Hh target genes. Hh-interacting protein (HHIP) acts as a 
positive regulator of Hh and Growth arrest-specific 1 (GAS1) as a negative control of the 
stoichiometric binding of Hh to PTCH. B. Binding of Hh to PTCH releases the inhibition of Smo. Smo 
translocates to the primary cilium and relieves SUFU inhibitory signal on GLI. GLI proteins then 
translocate to the nucleus to activate Hh target genes (Adapted from: Hooper and Scott, 2005; Wong 
and Reiter, 2008). 

 

Primary cilia in osteocytes and osteoblasts have flow sensing capabilities that are reminiscent 

of those in the kidney (Hoey et al. 2012). This response to extracellular shear stress involves 

upregulation of intracellular Ca2+ osteogenic gene expression and protein secretion, which is 

lost upon treatment with siRNA to IFT proteins or choral hydrate-mediated primary cilia 

ablation (Hoey et al. 2012). Protein secretion is thought to act in paracrine manner that 

facilitates osteogenic gene expression in mesenchymal stem cells for efficient bone 

development (Hoey et al. 2012).  In vertebrate models, primary cilia also establish the left-

right asymmetry that is crucial for determining organ laterality and positioning during the 

early stage of embryonic development. During embryonic organogenesis, primary cilia 
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mediate asymmetric expression of genes such as nodal and southpaw (spaw). This is crucial 

for correct positioning of internal organs, such as the heart and pancreas which are located on 

the left (Long et al. 2003; Kramer-Zucker et al. 2005; Goetz and Anderson, 2010). In 

zebrafish, IFT mutant embryos show defective fluid flow and develop kidney cysts, 

hydrocephalus and laterality defects that correlate with reduced cilia frequency in the 

Kupffer’s vesicle (KV, the equivalent of the mouse embryonic node). Defective cilia cause 

laterality defects which are marked by randomisation of the gut positioning or incorrect 

looping of the heart (Long et al. 2003; Kramer-Zucker et al. 2005).  

In conclusion, the primary cilium serves as a hub for several signalling pathways that 

contribute to movement, differentiation, and proliferation. Structural alteration of this 

organelle can lead to severe multi-organ human disorders. 

1.3.3 Formation and disassembly of cilia 

Primary cilia are assembled at G0/G1 phase of the cell cycle and are disassembled to allow 

for basal bodies’ centrosomal role in formation of the bipolar spindle. Therefore, cilia 

assembly occurs outside the cell cycle exit, and their disassembly corresponds with cell cycle 

re-entry. Defective assembly/disassembly timing may prevent cell cycle progression and 

proliferation (Seeley and Nachury 2010, Sánchez and Dynlacht 2016, Liang et al. 2016). 

Ultrastructural analysis of the basal body revealed the several steps that occur during 

ciliogenesis (Sorokin, 1962; 1968). Sorokin’s findings established the extracellular and 

intracellular pathways of cilia assembly, which differ by direct docking of the basal body to 

the plasma membrane (extracellular) or indirect docking to the ciliary vesicle before fusing to 

the plasma membrane (intracellular) (see Figure 1.7). 

At the initiation stage of ciliogenesis, the distal appendages on the mother centriole facilitate 

membrane fusion to the ciliary vesicle. For example, Cep164, Cep89 and Cep123, distal 

appendage proteins, are indispensable for membrane docking and ciliogenesis (Graser et al. 

2007, Tanos et al. 2013, Sillibourne et al. 2013, Daly et al. 2016). Upon inducing ciliogenesis, 

small cytoplasmic vesicles that originate from the Golgi and the recycling endosome, termed 

distal appendage vesicles (DAVs), begin to accumulate in the vicinity of distal appendages of 

the mother centriole, where basal body docking occurs. Rabin8, a Rab GTPases and regulator 

of exocytosis, recruits TrappII (Transport protein particle II). Subsequently, TrappII activates 

Rab8a and Rab11, members of the Rab GTPase family, to promote the rapid localisation of 

cytoplasmic vesicles around the mother centriole (reviewed by Lu, Q. et al. 2015; Sánchez 

and Dynlacht, 2016). EHD1 (EH domain-containing protein 1) is then recruited to facilitate 

further vesicularization of the donor membrane and fusion with the ciliary vesicle. This 

allows for the formation of the ciliary membrane and sheath into which the extending 

axoneme grow into (Sorokin, 1962; Lu, Q. et al. 2015).  
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Figure 1.7: Physical stages in the intracellular and extracellular pathways of ciliogenesis  
Schematic illustration of Intracellular  (left) and extracellular (right) pathways of cilum assembly. In 
the intracellular pathway, the basal body associates with ciliary vesicles (CV) that form from distal 
appendage vesicles (DAVs). Further vesicularisation allows for the growth of the CV and the axoneme 
elongates within the CV. The CV then forms the cilia sheath pocket and membrane. The ciliary 
membrane is functionally distinct from the plasma membrane with which it eventually fuses to allow 
for cilium access to the cell surface. In the extracellular pathway, the basal body docks directly to the 
plasma membrane in a process that also requires the distal appendages. The axoneme then grows 
within the ciliary membrane into the extracellular space (Taken from Molla-Herman et al. 2010). 

 

Upon docking of the basal body to the ciliary membrane, TTBK2 kinase is recruited to 

mediate removal of the CP110/Cep97 centriolar cap protein omplex that inhibits ciliogenesis 

(Spektor et al. 2007, Goetz et al. 2012). Interestingly, these proteins, CP110 and Cep97, 

regulate centriole length in proliferating cells. Depletion of either CP110 or Cep97 results in 

increased ciliation frequency in human cells while their overexpression prevents ciliogenesis 

(Spektor et al. 2007, Schmidt et al. 2009, Wu and Tang 2012, Zheng et al. 2016). Therefore, 

CP110 and Cep97 act as cap proteins on centrioles that negatively regulate formation of 

primary cilia. CP110 removal is mediated through a complex mechanism that involves the 

activities a number of proteins, such as the basal body-associated kinases, TTBK2 and 

MARK4, centrin2 and Neurl4 (Spektor et al. 2007; Goetz et al. 2012; Kuhns et al. 2013; 

Prosser and Morrison, 2015; Loukil et al. 2017). There remain several steps yet to be 

understood in the mechanisms underlying asymmetric CP110 removal from the mother 

centriole. Similar to CP110, aurora A and trichoplein also prevent ciliogenesis in proliferating 

cells and are removed from the basal body by proteolytic degradation upon induction of 

ciliogenesis (Inoko et al. 2012, Sánchez and Dynlacht 2016). Finally, the IFT particles 
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(described in section 1.3.1) facilitate axonemal membrane transport and interact with 

RabGTPase, another vital component of the membrane trafficking machineries (Wong and 

Reiter 2008, Kobayashi and Dynlacht 2011). 

CPAP/CENPJ, an early initiation factor recruited during centriole duplication process, has 

been shown to be a positive regulator of ciliogenesis. Overexpression of CPAP in human 

osteosarcoma U2OS cells causes elongation of centrioles and increased level of primary 

cilium formation, while its depletion in neuronal cells prevents ciliation (Schmidt et al. 2009, 

Wu and Tang 2012, Zheng et al. 2016). More recently, CPAP has been implicated in primary 

cilium disassembly that is crucial for maintaining a pool of neural progenitor cells (NPCs) 

(Gabriel et al. 2016). Human fibroblast cells with specific CPAP Seckel syndrome mutations 

have overly long cilia and delayed cell cycle re-entry due to defective cilium resorption after 

serum stimulation (Gabriel et al. 2016). Interestingly, CPAP was also shown to interact with 

several cilium disassembly complex proteins, such as Nde-1, Aurora A, HDAC6 and the oral-

facial-digital syndrome type 1 (OFD1) (Pugacheva et al. 2007, Kim et al. 2011, Tang et al. 

2013), where it acts as a scaffold protein for localisation of the cilium disassembly complex 

(Gabriel et al. 2016). 

While several steps in cilium disassembly remain unknown, it is believed that the disassembly 

process happen in two phases. The first phase of disassembly happens in G1 phase after 

serum stimulation. Cilia disassemble gradually as the cells progress through cell cycle until 

the second and final wave of disassembly, which occurs at G2/M to allow for bipolar spindle 

formation during mitosis (Sánchez and Dynlacht 2016). Aurora A has been reported to play a 

role in cilium resorption through its activation of INPP5E55 which promotes 

phosphatidylinositol (PtdIns(4)P) activities. PtdIns(4)P prevents TTBK2 recruitment to the 

basal body (Pugacheva et al. 2007, Inoko et al. 2012, Sánchez and Dynlacht 2016). Aurora A 

also phosphorylates histone deacetylase, HDAC6, to promote cilium disassembly through 

axonemal tubulin deacetylation and actin polymerisation (reviewed by Sánchez and Dynlacht, 

2016). Trichoplein and HEF-1 participate in centrosomal stabilisation and activation of 

Aurora A to promote cilium disassembly during G2/M phases (Pugacheva et al. 2007, Inoko 

et al. 2012). Chemical inhibition or siRNA-mediated depletion of Aurora A promote primary 

cilium assembly and prevent cilium disassembly after serum stimulation in hTERT-RPE-1 

cells. Also, microinjection of activated Aurora A promotes cilium disassembly in ciliated 

cells (Pugacheva et al. 2007). Interestingly, the mitotic kinase, PLK1, also promotes the 

activation of HEF1-Aurora A complex to activate the cilium disassembly process (Wang et al. 

2013a, Sánchez and Dynlacht 2016). 
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The microtubule depolymerising kinesins, Kif2a and Kif24, facilitate axonemal tubulin 

depolymerisation during primary cilium disassembly. Upon serum stimulation, PLK1 

phosphorylates Kif2a (Kim et al. 2015), while Nek2 phosphorylates Kif24 (Miyamoto et al. 

2015) to ensure cilium disassembly and irreversible cell cycle progression (Wang et al. 

2013a, Sánchez and Dynlacht 2016). Since IFT and BBSomes facilitate both anterograde and 

retrograde transport to assemble and maintain the ciliary axoneme, it is not surprising that 

they facilitate both cilia assembly and disassembly (Pedersen and Rosenbaum 2008, Krock 

and Perkins 2008, Wei et al. 2012). It is thought that an equilibrium between anterograde and 

retrograde IFT is essential for maintaining the cilium axoneme and that a cilium disassembles 

when the rate of retrograde movement from the ciliary tip to the base outweighs the rate of 

anterograde movement (Qin et al. 2004, Pugacheva et al. 2007, Pedersen and Rosenbaum 

2008). A summary of the mechanisms for cilium assembly and disassembly is shown in 

Figure 1.8 

Figure 1.8: Summary of factors that control cilium assembly and disassembly 
A schematic illustration of proteins that control ciliogenesis and cilium resorption. During primary 
cilium assembly (green labels), IFT-complexes are recruited to maintain a balance in anterograde and 
retrograde transport. TTBK2, centrin2 and Neurl-4 promote CP110 and CEP97 removal from basal 
body. MARK-4 also contributes to CP110 and trichoplein disappearance from the basal body to 
facilitate axonemal tubulin polymerisation. On the other hand, cilium disassembly requires the 
activities of Aurora A on HDAC6, INPP5E55 and HEF-1. HDAC6 promotes axonemal tubulin 
deacetylation and actin stabilisation. Kif2A and Kif24 facilitate microtubule depolymerisation. 
TTBK2, and possibly MARK-4 kinases are displaced from the basal body. CP110, trichoplein and 
CEP97 are then recruited back to act as centriole caps after axoneme disassembly. The IFT-A complex 
also contributes to cilium disassembly (Pedersen and Rosenbaum 2008, Sánchez and Dynlacht 2016). 

 

 



  Chapter 1 

 31 

   

1.3.4 Ciliopathies 

Structural and functional differences occur between motile and primary cilia, although 

dysfunction in all cilia types has been reported in ciliopathies. Ciliopathies are a range of 

diseases that arise due to defects in of ciliary structure and functions. They manifest in 

different ways and affect multiple organs of the body (Goetz and Anderson 2010, Diiorio et 

al. 2014). Developmental and degenerative disorders such as NPHP, Polycystic Kidney 

Disease (PKD), BBS, MKS, polydactyly and Joubert Syndrome are common examples of 

cilia-related human diseases (Hildebrandt et al. 2011). Primary cilia are present on almost, if 

not all, human cells, and because of their relevance in transducing signals from extracellular 

stimuli to control proliferation, differentiation, transcription, mobility and tissue morphology, 

it is therefore not surprising that ciliopathies affect multiple organs in most vertebrates and 

are pleiotropic in nature. 

A number of proteins that localise to the primary cilium participate in the pathogenesis of 

ciliopathies. For example, mutations in PKD1 and PKD2 which encode polycystin-1 and 

polycystin-2, cause Autosomal Dominant Polycystic Kidney Disease (ADPKD), an 

inheritable disorder that results in renal cyst development (Yoder et al. 2002). Both proteins 

localise to the primary cilia and act as mechanosensors or ion channels, especially, in renal 

tubular cell differentiation and maintenance (Yoder et al. 2002). Polycystin-2 expression is 

controlled during embryonic development, where it contributes to the determinination of axial 

left-right laterality through its activities at the nodal cilia (Pazour et al. 2000; Yoder et al. 

2002; Hildebrandt et al. 2011). PKD1 and PKD2  are required to maintain the correct number 

of centrosome and their loss causes superciliated cells. Abnormal centrosome number in these 

cell line results in chromosome segregation defects during mitosis, chromosome instability 

and polyploidy (Pazour and Witman 2003, Bettencourt-Dias et al. 2011, Mahjoub and Stearns 

2012, Sánchez and Dynlacht 2016). Further study of PKD pathogenesis has also revealed that 

mutations in Tg737/IFT88 result in shortened cilia and renal cysts that phenocopy human 

ADPKD in mice (Pazour et al. 2000). 

NPHP is an autosomal recessive kidney disease caused by mutations in NPHP causative 

genes (NPHP1-11 and NPHP-like 1 (NPHPL1). With the exception of NPHPL1, all of the 

NPHP-causative gene products localise to the centrosome and primary cilium. Mutations in 

NPHP genes show different clinical symptoms. For example, mutations in NPHP2, which 

encodes inversin, result in enlarged kidney and also cause situs inversus, which is 

characterised by random localisation of internal organs (Hildebrandt et al. 2011; Hurd et al. 

2011). This disorder is due to the role of inversin in planar cell polarity and wnt signalling 

during embryogenesis. Mutations in NPHP4 and -5 genes cause retinal-renal ciliopathies; 

their gene products also colocalise at both the photoreceptor and renal epithelial cilia (Hurd et 
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al. 2011). These gene products interact with the retinal ciliopathy gene product, retinitis 

pigmentosa GTPase regulator (RPGR). The majority of the NPHP gene products also localise 

to the primary cilium and directly interact with one another and with components of the Hh 

and Wnt signalling pathway. Defects in any one of these genes results in NPHP, and thus it 

has been proposed that the NPHP gene products form supramolecular complexes that are 

crucial for cilia assembly and function (Hurd et al.  2011). Furthermore, NPHP10/SDCCAG8 

interacts with OFD1 protein and its truncation contributes to the pathology of renal-retinal 

ciliopathies (Otto et al. 2010). SDCCAG8 depletion results in kidney cysts, hydrocephalus, 

body axis defects and multiple developmental defects in zebrafish (Otto et al. 2010).  

Bardet-Biedl syndrome (BBS) is an autosomal recessive ciliopathy that affects multiple 

system characterised by retinal dystrophy, renal anomalies, obesity, cognitive impairment, 

diabetes mellitus, infertility and polydactyly (Hildebrandt et al. 2011). Mutations in 16 genes 

(BBS1-12, 15, 16, MKS1, NPHP6/CEP290, NPHP10/SDCCAG8 and SEPT7) have been 

implicated in the development of BBS (Hildebrandt et al. 2011). Seven of these genes interact 

in vivo to form a stable complex known as BBSome, a complex composed of the BBS1, 

BBS2, BBS4, BBS5, BBS7, BBS8 and BBS9 and a BBS-interacting protein 10 (BBIP10) (Jin 

and Nachury 2009, Wei et al. 2012). The BBSome localises to primary cilia and centriolar 

satellites and it is essential for primary cilium biogenesis where it facilitates trafficking to and 

in the organelle.  For example, the BBSome complex is required for the localisation of some 

of the receptor proteins (MRCH1, SSTR3 and dopamine receptor 1) to the primary cilium 

(Berbari et al. 2008). Interestingly, all members of the BBSome are essential for BBSome 

ciliary localisation and functionality as well as the ciliary localisation of Smo in human (Seo 

et al. 2011). In zebrafish, depletion of bbs2, bbs4 bbs5, bbs6, bbs7 or bbs8 causes loss of cilia 

in the Kupffer’s vesicle (KV), which consequently gives rise to defective left-right patterning 

and abnormal retrograde melanosome transport (Yen et al. 2006, Wei et al. 2012).  

While the majority of reported ciliopathies result from defective cilium assembly or 

functionality, it is unknown if aberrant cilium disassembly participates in the pathogenesis of 

these diseases. A recent study showed that premature chromatid separation syndrome (PCS; 

also known as mosaic variegated aneuploidy syndrome, MVA), a rare autosomal recessive 

disorder that causes an increase risk of cancer and ciliopathy-linked PKD and infantile NPHP, 

is a consequence of an increased rate of cilium disassembly. In this patient’s skin fibroblast 

cells, constitutive activation of PLK1-Kif2a results in defective ciliogenesis that underlies the 

disease mechanism (Miyamoto et al. 2015, Sánchez and Dynlacht 2016). CPAP has been 

described as a microcephaly and ciliopathy gene that positively drives ciliogenesis. However, 

a recent identification of its role in cilium disassembly highlights its role in the pathogenesis 

of microcephaly and Seckel syndrome. In these patient-induced pluripotent stem (iPS) cells, 
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CPAP localisation was lost or reduced to cause abnormally long cilia, slower cilium 

disassembly kinetics and delayed cell cycle re-entry which promotes premature differentiation 

of NPCs that are necessary for maintaining neural stem cell pool. This contributes to the 

underdeveloped brain in microcephaly and Seckel syndrome (Gabriel et al. 2016). 

 

1.4 Centrobin 

Centrobin (Centrosomal BRCA2 interacting protein) was initially identified through a 

proteomic analysis of purified human centrosomes (Andersen et al. 2003). It was later 

identified through its interaction with the conserved C-terminal region of the BRCA2 tumour 

suppressor (Zou et al. 2005), although the centrobin-BRCA2 interaction could not be verified 

by independent experimental methods (Jeffery et al. 2010). If indeed they interact in vivo, the 

relevance of such interaction remains unknown. Centrobin has been shown to be ubiquitously 

expressed at varying levels in almost all cells (Zou et al. 2005, Fagerberg et al. 2014). 

Through immunofluorescence and immunogold electron microscopy, centrobin was shown to 

preferentially localise to the daughter centriole of proliferating human cells. However, in 

mouse hippocampal cells, centrobin localised to both the mother and daughter centrioles 

(Shin et al. 2015). Centrobin interacts with tubulin and its centrosomal and cytosolic pools are 

essential for microtubule nucleation at the centrosome and in the cytosol (Gudi et al. 2011, 

Shin et al. 2015). 

During centrosome duplication, centrobin is recruited to the procentriole during the early 

stage of the process and is essential for the localisation of other centriole duplication proteins 

such as CPAP and CP110 (Gudi et al. 2011). Cep152 interacts with and recruits centrobin to 

site of centriole biogenesis, and siRNA-mediated depletion of centrobin shows that it is 

essential for centriole biogenesis, but not for centrosomal microtubule nucleation activities 

(Zou et al. 2005). A combination of siRNA-mediated centrobin depletion and HU-induced 

cell cycle arrest prevents centrosome amplification that results from uncoupling centrosome 

and cell cycle. Furthermore, centrobin depletion in HeLa cells prevented centriole 

overduplication caused by the overexpression of PLK4. Based on these experiments, 

centrobin was described as an essential centriole duplication factor. Centrobin is required for 

the localisation of CPAP, and both proteins interact with and stabilise microtubules during 

procentriole assembly and elongation (Gudi et al. 2011, Zheng et al. 2016). Unlike human 

cells, Drosophila centrobin is dispensable for centriole duplication, since its RNAi-mediated 

depletion or Cnb hemizygosity did not affect the centriole duplication process in Drosophila 

neuroblasts and Drosophila S2 cells (Januschke et al. 2013). 
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A potential role for centrobin in PCM organisation has been previously reported (Jeffery et al. 

2013). Centrobin-depleted cells have been shown to have increased levels of PCM proteins, 

including γ-tubulin, AKAP450 and pericentrin, and the centriolar satellite protein, PCM-1, at 

the centrosome. Interestingly, this increase in PCM protein recruitment correlates with an 

observed increase in the level of microtubule nucleation, thereby implicating centrobin as a 

modulator of PCM components and microtubule nucleation activity of the centrosome.   

Previous findings have shown that centrioles are essential for maintaining the organisation 

and distribution of the PCM (Bobinnec et al. 1998, Basto et al. 2006). Nek2 and PLK1 

phosphorylate centrobin at its N-terminus to mediate opposing effects on microtubule-

stabilising activities of centrobin (Lee et al. 2010, Park and Rhee 2013). While PLK1 

phosphorylation of centrobin promotes its microtubule stabilising activity, Nek2 activities on 

centrobin antagonise its microtubule stabilising activity. Centrobin modulation by these 

kinases is proposed to allow for microtubule organisation dynamics during interphase and 

mitosis and directly impact cell morphology and mobility. 

Based on the siRNA experiments, it is unclear if centrobin is essential for viability. HeLa or 

U2OS cells depleted of centrobin were capable of comparable proliferation to control cells 

(Gudi et al. 2011, Park and Rhee 2013). Another study has shown the dependency on p53 

status for centrobin depletion to induce G1/S cell cycle arrest. Depletion of centrobin in p53-

proficient lung cancer cells (A459) resulted in a G1/S cell cycle arrest, while the growth rate 

of p53-deficient lung cancer cells (H1299) was unaffected (Song et al. 2010). RNAi-mediated 

depletion of centrobin resulted in p38-dependent activation of p53 (Ser 15 and Ser 33). Thus, 

cell proliferation arrest in centrobin-depleted cells was inhibited by downregulation of p38 

expression and activities. In Drosophila, centrobin is crucial for successful asymmetric cell 

division and some allelic combinations of centrobin mutations have been reported to result in 

cell death (Januschke et al. 2013). 

Mass spectroscopy analysis of the Trypanosoma brucei flagellum-transition zone revealed the 

localisation of the trypanosome centrobin orthologue (TZP104.4) to the transition zone 

compartment, although siRNA-mediated depletion of the orthologue did not give an obvious 

phenotype in the organism (Dean et al. 2016). Work in Drosophila has indicated centrobin as 

a negative regulator of ciliogenesis in specialised sensory neurons (Gottardo et al. 2015), but 

any ciliary functions in vertebrates remain to be described. However, in rat spermatozoa, 

centrobin has been shown to localise to the marginal ring of the spermatid acroplaxome, 

manchette and the centrosome during spermatogenesis (Liska et al. 2009). Mutation caused 

by retroviral DNA insertion into the rat Cntrob gene located on the hypodactylous locus 

contributes to impaired limb development and male infertility (Liska et al. 2009, 2013). This 

mutation of the rat Cntrob gene results in the expression of a C-terminally truncated form of 
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centrobin which did not affect its localisation to the centrosome and spermatid acroplaxome, 

but abrogated its interaction with keratin 5. Interestingly, transgenic rats expressing 

exogenous centrobin rescued the abnormal rescued limb malformation, but not the 

malformation in the sperm head and tail of hypodactylous rats (Liska et al. 2009, 2013).  

As a potential interacting protein of the tumour suppressor gene product, BRCA2, centrobin 

was studied for a role in breast cancer susceptibility in the Chinese Han population (Wang et 

al. 2012). This analysis showed that some genetic nucleotide polymorphisms of the human 

CNTROB can be associated with breast cancer susceptibility. Furthermore, a recent proteomic 

analysis (Gupta et al. 2015) of centrosome-cilium protein interactions identified centrobin as 

an interacting partner of FANCD2, an essential DNA inter-strand crosslink that has been 

shown to be mutated in some human ciliopathies (Johnson and Collis, 2016; Lachaud et al. 

2016). To date, the mechanism through which centrobin participates in breast cancer 

prognosis is unknown. It is equally unclear if centrobin directly participates in cellular DNA 

damage responses. 

 

1.5 Aims of this project 

The distinct localisation of centrobin in interphase cells and its having direct interaction with 

a number of key players in ciliogenesis and DNA repair pathways suggest its having potential 

roles in multiple processes. Knockdown of centrobin results in loss of centriole duplication in 

human carcinoma cell lines and also prevents centrosome amplification induced by genotoxic 

stress or PLK4 overexpression. The main aim of this project was to identify novel roles for 

centrobin at the centrosome, in primary cilia and in the DNA damage response. To determine 

these roles, we disrupted the human CNTROB in hTERT-RPE1 cells and used morpholino–

mediated depletion in zebrafish to carry out reverse genetic analysis of centrobin. In human 

cells, we investigate the role of centrobin in maintaining centrosome integrity, proliferation 

and primary ciliogenesis. For better understanding of the relevance of centrobin in cilia 

formation, we depleted centrobin in zebrafish and monitored its effects on embryogenesis. 

Another major objective of this project was to elucidate the roles of centrobin in the DNA 

damage response. We tested survival of centrobin-depleted human cells after treatment with 

genotoxic stress, namely UV, IR and MMS. We also monitored changes in the recruitment of 

some DNA repair machineries to DNA lesions, which indicated the involvement of centrobin 

in a particular DNA repair pathway. 

In summary, this project identifies centrobin as a centrosomal protein that may provide a 

molecular link between the centrosome, DNA damage responses, and primary cilia formation.  
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This is of great importance as it may further clarify our understanding of poorly-understood 

human ciliopathies, cancer and other diseases. 

 

1.6 Model systems  

Human retinal pigmented epithelial (RPE1) cells immortalised by integration 

of human telomerase reverse transcriptase (hTERT) are karyotypically normal (Bodnar et al. 

1998). These cells  are commonly used to investigate centrosome structure and function, and 

primary cilium assembly pathways (Schmidt et al. 2009; Prosser and Morrison, 2015; Daly et 

al. 2016; Loukil et al. 2017). Generally, hTERT-RPE1 cells have lower gene targetting 

efficiency compared to cancer cell lines such as U2OS, HCT116 and HeLa cells (Mao et al. 

2009, Katoh et al. 2017). However, the cell line proliferates efficiently and can assemble 

primary cilia when subjected to serum starvation. CRISPR/Cas9 or siRNA transfection 

technology was used to deplete the CNTROB gene product in our reverse genetic functional 

analysis. 

The Danio rerio (zebrafish) model system has been extensively employed for investigating 

the functions of centrosomal and ciliary proteomes. Zebrafish are transparent, develop 

externally and are easy to manipulate embryonically and study morphological changes at all 

stages of the life cycle, thereby making the zebrafish an excellent model for understanding 

vertebrate development biology. We used zebrafish to determine developmental and 

physiological functions of centrobin that may result from its role in Kupffer’s vesicle and 

nodal cilia formation. At the initial stage, we used 5’ rapid amplification of cDNA ends (5’ 

RACE) to identify the zebrafish centrobin (cntrob) gene locus and we designed antisense 

morpholino-oligonucleotides (MO) to disrupt translation of centrobin in wild-type zebrafish 

embryos. To eliminate the possibility of the known off-target effects of the MOs, we used two 

independent MOs  and also rescued the phenotypes with MO-resistant centrobin cDNA. 
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2 Materials and Methods 

2.1  Materials 

2.1.1  Chemicals and solutions 

In the course of this study, unless otherwise stated, we obtained all of the analytical grade 

chemicals, including organic solvents, acids and alcohols, from Sigma Aldrich (Arklow, 

Ireland), Fisher Scientific (Loughborough, UK), VWR (Dublin, Ireland), Invivogen 

(Toulouse, France), Lennox Supplies Ltd (Dublin, Ireland), Melford Laboratories Ltd. 

(Suffolk, UK) and Merck (Darmstadt, Germany). Western blotting detection system was 

obtained from GE Healthcare Life Sciences (Buckinghamshire, UK), and electron microscopy 

grade gluteraldehyde and paraformaldehyde were supplied by Electron Microscopy Sciences 

(Hatfield, UK). Acrylamide (37:5:1) protein gel solutions were purchased from Severn 

Biotech Ltd. (Worcestershire, UK). All buffers and hydrophilic reagents were prepared by 

dissolution in double distilled water (ddH2O) or Milli-Q purified water collected from the 

ELGA Purelab flex 3 (ELGA LabWater, Veolia Water Systems, Kildare, Ireland) and were 

autoclaved or filtered, where appropriate.  All chemical reagents and buffers used in this 

study are listed in Table 2.1. 

Table 2.1: Common buffers and reagents 
Solution/Reagent Composition Use 

Blocking solution for 
immunofluorescence (IF) 
microscopy 

1% BSA in 1x Phosphate buffered 
saline (1x PBS) 

For blocking cells and diluting 
antibody during 
immunofluorescence staining 

Blocking solution for 
western blot (WB) 

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

For minimising non-specific 
binding of antibodies to 
nitrocellulose membrane during 
immunoblot 

Cacodylate buffer 0.1 M Sodium cacodylate-HCl, pH 
7.2 

For washing cell pellets for 
transmission electron microscopy 
(TEM) 

Cell lysis buffer 50 mM Tris HCl, pH 7.4; 150 mM 
NaCl; 5% Glycerol; 1 mM EDTA; 
0.5% sodium deoxycholate and 1% 
IGEPAL 

For cell lysis before immunoblot 
analysis 

 

Crystal violet staining 
buffer 

0.5% crystal violet; 6% 
glutaraldehyde in 1x PBS 

For staining and visualising 
colonies formed from clonogenic 
survival assay  

Coomassie brilliant blue 0.5% Coomassie in 35% methanol 
and 14% acetic acid 

For visualising proteins on SDS-
PAGE gel  

Coomassie destaining 
solution 

20% methanol; 10% acetic acid For destaining Coomassie stained 
gels 
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Diethylpyrocarbonate 

(DEPC)-treated water 

0.1% DEPC in Milli-Q H2O For dissolving RNA 

DNA loading buffer (6x) 20% sucrose; 0.1M EDTA, pH 8.0; 
0.25% Bromophenol blue; 0.25% 
xylene cyanol FF or 60% glycerol; 
10 mM Tris-HCl, pH 7.5; 0.3% 
orange G 

For loading DNA samples and to 
facilitate visual tracking of DNA 
migration during agarose gel 
electrophoresis 

IF fixation buffer 4% Paraformaldehyde (PFA) in 1x 
PBS or methanol containing 5mM 
EGTA, pH 8.0 at -20°C 

For fixing cells prior to IF 
microscopy staining 

Immunoprecipitation (IP) 
buffer 

50 mM Tris HCl, pH 7.4; 150 mM 
NaCl; 20% Glycerol; 1 mM EDTA, 
pH 8.0;  0.5% sodium deoxycholate 
and 1% IGEPAL 

For immunoprecipitation of 
endogenous and tagged proteins 

Luria-Bertani (LB) medium 1% Tryptone; 0.5% Yeast extract; 
1% NaCl pH 7.0 

For growth of bacteria 
(Escherichia coli) cultures 

Mounting medium 0.3% N-Propyl gallate; 80% 
glycerol in 1x PBS 

For mounting slides after IF 
staining 

Permeabilisation buffer 0.15% Triton X-100 in 1x PBS To permeabilise cells after 
fixation with PFA 

1x PBS 137 mM NaCl; 2.7 mM KCl; 1.4 
mM NaH2PO4, pH 7.4 

For washing cells, preparing 
blocking solution during IF, IB 
and FACS 

1x PBST 1x PBS; 0.25% Tween-20 For washing cells, preparing 
blocking solution during IB, IF 
and FACS 

1x PBT 1x PBS; 0.25% Tween-20 and 1% 
BSA 

For washing cells, preparing 
blocking and antibody solution 
during FACS 

Ponceau S 0.5% w/v Ponceau S; 5% acetic 
acid 

For staining nitrocellulose 
membrane during immunoblotting 

Primary fixative (TEM) 2% glutaraldehyde and 2% 
paraformaldehyde in cacodylate 
buffer 

Primary fixation of samples for 
electron microscopy 

Primary antibody dilution 
buffer 

1% milk in 1x PBST or 1% BSA in 
1x TBST 

For dilution and incubation of 
primary antibodies  for western 
blot 

RIPA buffer 50 mM Tris-HCl, pH 7.4; 150 mM 
NaCl; 0.25% sodium deoxycholate; 
1% IGEPAL; 1 mM EDTA 

For cellular protein extraction 

Running buffer 1x TG; 1% SDS For running polyacrylamide gel 

5x protein sample buffer 150 mM Tris base, pH 6.8; 30% 
glycerol; 10% SDS; 0.1% 
Bromophenol blue; 25% β-
mercaptoethanol 

For loading protein samples on 
polyacrylamide gels 

Secondary fixative (TEM) 1% Osmium tetroxide in cacodylate Secondary fixation of samples for 
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buffer electron microscopy 

Semi-dry TG transfer buffer 1x TG; 20% Methanol For semi-dry transfer of proteins 
to nitrocellulose membrane 
during immunoblot 

1x TAE 40 mM Tris; 20 mM Acetic acid; 1 
mM EDTA 

For running agarose DNA gels 

1x Tail buffer 50 mM Tris-HCl, pH 8.8; 100 mM 
EDTA, pH 8.0; 100 mM NaCl; 1% 
SDS 

For extraction of genomic DNA 
from mammalian cells 

1x Tris-buffer saline (1x 
TBS) 

40 mM Tris-base; 20 mM acetic 
acid; 1 mM EDTA 

For dilution and incubation of 
phospho-primary antibodies for 
western blot 

1x TBST 1x TBS; 0.1% Tween-20 For dilution and incubation of 
primary antibodies for western 
blot 

1x TG transfer buffer 25 mM Tris base; 192 mM Glycine Used in the preparing semi-dry 
and wet protein transfer buffer 
during western blot 

Wet TG transfer buffer 1x TG; 20% Methanol; 0.01% SDS For wet transfer of proteins to 
nitrocellulose membrane during 
immunoblot 

 

2.1.2 Molecular Biology Reagents 

Biological reagents used for DNA restriction digestion and subcloning, such as restriction 

enzymes, DNA ligase, DNA polymerase (Klenow Fragment I), T4 Polynucleotide Kinase and 

calf alkaline phosphatase were obtained from New England Biolabs (NEB, Hitchin, UK). 

Shrimp Alkaline Phosphatase was obtained from United States Biochemical (USB, Santa 

Clara, CA, USA). DNA size markers used were Quick-load 100 bp DNA ladder (NEB) or 

1Kb Plus DNA ladder (Thermofisher Scientific, Loughborough, UK). RNA was extracted 

using TRIzol reagent (Total RNA Isolation) which was obtained from (Ambion, now 

Thermofisher Scientific). KOD polymerase was obtained from Novagen (Merck Millipore, 

Darmstadt, Germany). A list of cloning and expression vectors used is presented in table 2.2. 

The PageRuler Plus prestained protein ladder (Fermentas, now Thermofisher Scientific) or 

the Colour protein standard, broad range marker (NEB) were used in this study as protein size 

markers. 

Table 2.2: List of plasmids used in this study 
Plasmid name Use Source/References 

pGEM-T-Easy For general subcloning, for 
assembly of gene fragments and 
for zebrafish mRNA in vitro 

Promega (Madison, WI, USA) 
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A list of commercially available molecular biology kits used in this study is presented in 

Table 2.3. 

Table 2.3: Commercially available kits used in this study 
Kit Name Use Supplier’s name 

GenElute Plasmid Miniprep Kit Small scale plasmid DNA 
extraction 

Sigma-Aldrich 

Nucleobond Xtra Midi 
(Endotoxin-free) 

Large scale plasmid DNA 
extraction 

Macherey-Nagel (Düren, 
Germany) 

High Capacity RNA-to cDNA 

kit 

 

cDNA synthesis  

 

Applied Biosystems (Foster 
city, CA, USA) 

QIAquick gel extraction kit  

 

Extraction and purification of 

DNA fragments from agarose 

gel 

Qiagen (Crawley, UK) 

QIAquick PCR purification 

kit 

Purification of DNA fragments 
after PCR 

Qiagen  

5’/3’ RACE kit, 2nd generation For the isolation and 
amplification of 5’ cDNA ends 

Roche (distributed by Sigma-
Aldrich) 

 

2.1.3 Antibodies 

Primary and secondary antibodies were used for detecting protein of interest during WB, IF 

and fluorescence-activated cell sorting (FACS) analysis. Freeze-dried conjugated affinity-

purified antibodies were resuspended as recommended by suppliers in 1x PBS or Milli-Q 

H2O. Detailed lists of primary and secondary antibodies used throughout this study are shown 

in Table 2.4 and 2.5. 

  

transcription 

pEGFP-C1/N1 For expression of various genes 
in mammalian cells 

Clontech (Mountain View, CA, 
USA) 

pX330  

 

Cas9 nuclease and guide RNA 
for expression of CRISPR 
system 

 

Cong et al. 2013 

(Obtained from Addgene, 

Cambridge, MA, USA) 

pGEX4T3 Expression of GST-fusion 
protein fragment in bacteria 

GE Healthcare Life Sciences 
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Table 2.4: List of primary antibodies used for this study 
Antigen Clone/ 

Catalog 
number 

Host species Dilution 
(WB) 

Dilution 

(IF) 

Manufacturer 

Alpha-tubulin B512 Mouse 
monoclonal 

1:10000 1:2000 Sigma-Aldrich 

Acetylated 
tubulin 

6-11B-1 

/T6793 

Mouse  

monoclonal 

1:10000 1:2000 Sigma-Aldrich 

Arl13B 17711-1-AP Rabbit 
polyclonal 

1:2000 1:2000 ProteinTech 
(Manchester, UK) 

ATM  

 

Ab78  Mouse 1:1000  Abcam (Cambridge, 
UK) 

5-bromo-2-
deoxyuridine 

 (BRDU) 

B44/347580 Mouse  1:50 for 
FACS 

BD Biosciences, NJ, 
USA 

Centrin 20H5 Mouse 
monoclonal 

1:1000 1:1000 EMD Millipore 
(Darmstadt, Germany) 

Centrin 2 Poly6288 Rabbit 
polyclonal 

 1:500 Biolegend (San Diego, 
CA, USA) 

Centrin 3 M01 3E6  Mouse 
monoclonal 

1:1000  Abnova 

(Taipei, Taiwan) 

Centrobin Ab70448 Mouse 
polyclonal 

1:1000 1:250 Abcam 

Centrobin 6D4 F4 Mouse 
monoclonal 

1:10000 1:250 Dr. David Gaboriau, 
CCB 

Cep97 22050-1-AP Rabbit 
monoclonal 

1:2000 1:2000 Proteintech 

Cep97 N-17 Goat 
monoclonal 

1:1000  Proteintech 

Cep135 ab75005 Rabbit 
polyclonal 

 1:750 Abcam 

Cep135 1457 748 Rabbit 

polyclonal 

 1:1000 Dr. Alex Bird (Bird 
and Hyman 2008) 

Cep164 IF3 G10 Mouse 
monoclonal 

 1:100000 Dr. David Gaboriau 
(Daly et al. 2016) 

Cep290 IC3 G10 Mouse 
monoclonal 

 1:1000 Dr. David Gaboriau 

CP110 12780-1-AP 

 

Rabbit 
polyclonal 

1:2000 1:2000 ProteinTech 

CHK1 DCS-310 Mouse 
monoclonal 

 1:1000 Sigma-Aldrich 

C-Nap1 6F2 C8 Mouse 1:2 1:2 David Gaboriau, CCB 
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monoclonal (Flanagan et al. 2017) 

CPAP 11517-1-AP Rabbit 

polyclonal 

1:1000 1:1000 ProteinTech 

Detyrosinated 
tubulin 

Ab48389 Rabbit 
polyclonal 

1:1000 1:500 Abcam 

Gamma-
H2AX 

JBW 301 Rabbit 
polyclonal 

 1:1000 Cell Signaling 
(Danvars, MA, USA) 

Gamma-
tubulin 

T3559 Rabbit 
polyclonal 

 1:1000 Sigma-Aldrich 

Gamma-
tubulin 

SC-7396 Goat polyclonal  1:1000 Santa-Cruz (Dallas, 
TX, USA) 

GAPDH 2118 Rabbit 

polyclonal 

1:10000  Cell Signaling 

GFP Clone 
7.1+13.1 

Mouse 
monoclonal 

 1;1000 Roche (Basel, 
Switzerland) 

GFP 1E10H7 Mouse 
monoclonal 

 1:15000 ProteinTech 

Glutamylated 
tubulin 

GT335 Mouse 
monoclonal 

1:1000 1:1000 AdipoGen Life 
Sciences  (Liestal,  

Switzerland) 

hSas6 H00163786-
B01P 

Mouse 
polyclonal 

 1:500 Novus Biologicals 

Kizuna - Rabbit 

polyclonal 

 1:1000 Dr. Naoki Oshimori 
(Oshimori et al. 2006) 

Myc 9E10 Mouse 
monoclonal 

 1:500 Prof. Ciaran Morrison, 
CCB 

Ninein Ab4447 Rabbit 
polyclonal 

 1:250 Abcam 

PCM-1 817 Rabbit 
polyclonal 

1:10000 1:10000 Dr. Andreas Merdes 
(Dammermann and 
Merdes 2002) 

Pericentrin Ab4448 Rabbit 
polyclonal 

1:2000 1:1000 Abcam 

p-ATM s1981 Ab81292 Rabbit 
polyclonal 

1:2000 1:2000 Cell Signaling 

p-CHK1 S345 2348 133D3 Rabbit 
monoclonal 

1:1000 1:1000 Cell Signaling 

Rad51 PC130 Rabbit 
polyclonal 

1:2000 1:2000 Calbiochem 

Rootletin NBP1-80820 Rabbit 
polyclonal 

1:750  Novus Biologicals 

Rootletin C20  Goat polyclonal  1:250 Santa Cruz 
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Sc 67824  

Smoothened 
(smo) 

Ab38686 

 

Rabbit 
polyclonal 

 1:500 
 

Abcam 

 

 

Table 2.5: List of secondary antibodies used in this study 
Antigen Label Host 

species 
Dilution 
(IB) 

Dilution 
(IF) 

Manufacturer 

Mouse IgG  FITC (fluorescein 
isothiocyanate) 

Goat - 1:1000 Jackson 
ImmunoResearch 
(Suffolk, UK) 

Mouse IgG FITC Donkey  1:50 for 
FACS 

Jackson 
ImmunoResearch 

Mouse IgG Cy5 Donkey  1:250 Jackson 
ImmunoResearch 

Mouse IgG  Alexa 488 Donkey  1:1000 Molecular Probes 

Mouse IgG  Alexa 488-594 Donkey  1:1000 Jackson 
ImmunoResearch 

Mouse IgG HRP (Horseradish 
peroxidase) 

Donkey 1:10000  Invitrogen 
(ThermoFisher 
Scientific) 

Goat IgG  Cy5 Donkey  1:250 Bethyl Laboratory Inc. 
(Texas, USA) 

Goat IgG  Rhodamine Red Donkey  1:1000 Jackson 
ImmunoResearch 

Goat IgG  HRP Donkey 1:10000  Abcam (Ab7125) 

Rabbit IgG  HRP  Goat 1:10000  Jackson 
ImmunoResearch 

Rabbit IgG  FITC Donkey  1:1000 Invitrogen 

 

2.2 Biological materials and Tissue culture reagents 

2.2.1 Bacterial strains 

DNA transformation was carried out in Escherichia coli (E. coli) Top 10 strain (F- mcrA 

Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 

galE15 galK16 rpsL(StrR) endA1 λ-)  from Invitrogen. Ampicillin or kanamycin antibiotics 

(Sigma-Aldrich) were used for Top10 clone selection at final concentrations of 50 µg/ml or 

30 µg/ml, respectively. 
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2.2.2 Tissue culture reagents  

Most sterile plasticware used for cell culture was supplied by Corning (Riverfront Plaza, NY, 

USA), Greiner Bio-One (Kremsmünster, Austria) and Sarstedt (Numbrecht, Germany). 

Culture media used in this study were Dulbecco’s modified Eagle’s medium (DMEM); 

DMEM Nutrient Mixture F-12 Ham (Lonza, Basel Switzerland) and Roswell Park Memorial 

Institute (RPMI) 1640 media (Gibco, MA, USA). Fetal bovine serum (FBS), Trypsin, chicken 

serum (CS), penicillin-Streptomycin (Pen-Strep) and dimethyl sulfoxide (DMSO) were 

obtained from Sigma-Aldrich. Opti-MEM serum-free medium was purchased from 

Invitrogen, Life Technologies while lipofectamine 2000 and oligofectamine were products 

from Invivogen. 

 

2.2.3 Cell lines and culture conditions 

This study was specifically carried out using non-transformed hTERT-RPE1, which has 

approximately 24 h doubling time and shows a relatively stable diploid karyotype. HCT116 

was used for interaction studies while U2OS, Jurkat and DT40 were used for testing antibody 

reactivity. A list of cell lines used during this study is shown in Table 2.6, along with the 

culture conditions. The antibiotics used for selection of stable hTERT-RPE1 cell lines in this 

study are listed in Table 2.7. 

 

Table 2.6: Cell lines and culture conditions used in this study 
Cell line Brief description Source Culture medium 

hTERT-RPE1 Non-transformed, h-TERT 
immortalised human retinal epithelial 
cell line 

ATCC (Manassas, 
VA, USA) 

DMEM F12 

TP53+/+ HCT116  
(wild-type) 

Human colorectal carcinoma cell 
line; clone 40-16 p53 +/+ 

Bunz et al. 1998 DMEM 

TP53-/-HCT116 Human colorectal carcinoma cell 
line, p53 null cells; clone 379.2  

Bunz et al. 1998 DMEM 

U2OS Human osteosarcoma cell line ATCC DMEM 

Jurkat Human T-lymphocyte clone E6.1, 
acute T cell leukemia cells 

Sigma-Aldrich RPMI-1640, 

 

DT40 Chicken B-cell lymphoma 

cell line 

Prof. Ciaran Morrison 
(NUI Galway) 

RPMI-1640, 

1% CS  

6D4F4 Mouse hybridoma B lymphocytes 
cells producing monoclonal anti-
centrobin antibody 

 

Dr. David Gaboriau See Table 2.9 
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All cells were cultured in a 95% air, 5% CO2 incubator and their culture media were 

supplemented with 10% FBS and 1% pen-strep. Human cells were cultured at 37°C while 

chicken cells grow optimally at 39.5°C. 
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Table 2.7: Antibiotics used for the selection of stable human cell lines 
Antibiotic Final concentration Source 

Blasticidin 5 µg/ml Invivogen 

G418 1 mg/ml Invivogen 

Geneticin 1 mg/ml Invitrogen 

 

The various pharmacological treatments that were used on hTERT-RPE1 cells in different 

assays are listed in table 2.8. 

Table 2.8: Pharmacological drugs used in this study for treatment of hTERT-RPE1 
Drug Stock 

concentration 
Final 
concentration 

Diluent Use Source 

Hydroxyurea (HU) 1 M 4 mM  

  

Milli-Q 
H2O 

To induce S-phase 
arrest  

Sigma-Aldrich 

ICRF-193 14 mM 0.25 – 1 µm DMSO For topoisomerase 
II inhibition 

Sigma-Aldrich 

Olaparib 50 mM  2.5 – 10 µM DMSO PARP inhibition Selleckchem 

Methyl 
methanesulphatonate 
(MMS) 

1.3 g/ml 2.5-10 µg/ml - As DNA 
methylating agent 

Sigma-Aldrich 

ATM kinase 
inhibitor; KU 55933 
(ATMi) 

2 mg/ml 2-10 µM DMSO For inhibiting ATM 
kinase activity. 

Santa Cruz  

 

DNA-PK inhibitor, 
KU57788 (DNA-
PKi) 

1 mM 2.5-10 µM DMSO DNA-PK 
holoenzyme 
inhibition 

Tocris, 
Abingdon, UK 

	

2.3 Cell Biology methods 

2.3.1 Cell maintenance and proliferation analysis 

Cells used in this study were cultured under the conditions described in table 2.6. All human 

cells were maintained at exponential growth phase; cells were subcultured when they attained 

confluency of between 80-90%. hTERT-RPE1 and U2OS have doubling time of 

approximately 24 h while HCT116 and Jurkat cells have doubling time of 18 h and 20 h, 

respectively. To passage adherent cells, cells were trypsinised with 0.05% trypsin and 0.02% 

EDTA in 1x PBS at 37°C for 5 min. When cells were detached from the plate, trypsin was 

inactivated by the addition of fresh growth media before cells were subcultured into plates 

containing fresh growth media where they were maintained at confluency between 20-80%. 

Jurkat and DT40 were also maintained in exponential growth phase and were subcultured by 
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diluting 1:5 – 1:10 into 10 ml of fresh media and were maintained at less than 1x106 cells/ml. 

Mycoplasma testing was performed every 3 months. 

For freezing and long term storage, adherent cells were first trypsinised and centrifuged at 

250 g. Supernatant was decanted and the pellet resuspended in a mixture of 70% FBS, 20% 

growth media and 10% DMSO and aliquoted into cryotubes. For freezing suspension cells, 

confluent cells were centrifuged at 250 g, the supernatant was removed and pellet was 

resuspended in small volume of 250-400µl of FBS supplemented with 10% DMSO. All 

human cells were placed in a Mr. Frosty Freezing Container (Thermo Scientific, Wilmington, 

DE, USA) at room temperature for overnight storage at -80°C before transfer into liquid 

nitrogen for long-term storage. To wake up cells, the contents of a frozen vial were warmed in 

a 37°C water bath and transferred into 5 ml of fresh growth media, cells were spun down and 

then transferred to a dish containing fresh growth media.  

For proliferation analysis, hTERT-RPE1 cells were cultured in triplicate, starting from equal 

cell densities of 5x104 cells in a 6-well dish. Cells were then counted every 24 h for 96 h. 

When cells approached confluency (4x105 cells), the cultures were diluted and the dilution 

factor was taken into account when calculating and plotting the cell numbers. 

2.3.2 Monoclonal antibody preparation  

Before I started my work in this laboratory, Dr. David Gaboriau (a Postdoctoral Researcher in 

the lab at the time) generated monoclonal antibodies to some centrosomal proteins. Among 

these were centrobin monoclonal antibodies. For centrobin antibody generation, a fragment of 

the human CNTROB cDNA encoding amino acids 113-361 was cloned into pGEX4T3 (GE 

Healthcare) and expressed in bacteria as a GST fusion protein. The centrobin fragment was 

purified from a glutathione column by thrombin cleavage and used for hybridoma preparation 

(Dundee Cell Products). Supernatants from 2 different hybridoma clones were compared for 

strong antigen identification. The best-performing clone, 6D4, was expanded and subcloned 

to give 6D4F4, which produces IgG1 kappa that was used for further experiments in this 

study. 

To wake up hybridoma cells, cells were thawed in a 37°C water bath and thawed cells were 

resuspended slowly in 9 ml growth media (table 2.9) and was centrifuged for 5 min at 100 g 

at room temperature, the supernatant was decanted. Cells were then resuspended in 5 ml 

growth media and transferred into adherent T25 cell culture flask for overnight incubation at 

37°C. On the next day, cells were expanded into a T75 cell culture flask and from then on, 

hybridoma cells were cultured in a T175 cell culture flask at 37°C with split every 2-3 days. 

When splitting cells, the supernatant was transferred to a 50 ml Falcon tube and cells and cell 

debris pelleted at 200 g for 5 min. The resulting supernatant was filtered through a 0.2 µm 

filter and stored at -80°C. 



  Chapter 2 

 48 

   

To generate purified monoclonal antibody, 6D4F4 hybridoma cells were sent to Proteogenix 

(Schiltigheim, France) in a Pateka G3 cell culture system at concentrations of 1-3x105 

cells/ml and purified antibody was generated according to the company’s protocol. The 

purified antibody was used for most centrobin analyses by IF and IB in this study. 

Table 2.9: List of components of the Hybridoma growth medium 
Components Amount Source 

DMEM 500 mL Lonza 

L-glutamine 4 mM  Lonza 

FBS 10% Sigma-Aldrich 

Pen-strep 1% Sigma-Aldrich 

Hybridoma Cloning Factor 2% PAA  (now GE Healthcare) 

Hybridoma Fusion and cloning supplement 0.5x Roche 

Hypoxanthine supplement 1x Sigma-Aldrich 

Non-essential aminoacids 1x Sigma-Aldrich 

 

2.3.3 Stable cell line generation 

To generate stably transfected hTERT-RPE1 cell lines, cells were plated to be 80-90% 

confluent on the following day in antibiotic-free growth media. For generation of CNTROB 

null cells using CRISPR/Cas9 technology, 4 µg of pX330-Ex1Tor pX330-Ex4 and 2 µg of 

pLOX-Neo plasmids were complexed with Lipofectamine 2000 (Invitrogen) in Opti-MEM 

(Gibco) for 20 min. For other stable cell lines, linearised plasmid was complexed with 

Lipofectamine 2000 and where indicated, with pLox-Bsr or pLox-Neo plasmids (Arakawa et 

al. 2001). The mixture was added to cells and incubated at 37°C for 4–6 h. After 24 h of 

recovery, cells were trypsinised and serial dilutions were performed into media containing the 

necessary antibiotic (see table 2.7) and incubated for at least 3 days, after which cells were 

incubated in antibiotic free growth media at 37°C until single colonies appeared after 10-14 

days. Single colonies were picked and expanded using 3 mm Scienceware clonng discs 

(Sigma-Aldrich) into 48-well plates (Sarstedt). Cells were further expanded and screened by 

immunoblotting and immunofluorescence microscopy and DNA sequencing (Source 

Bioscience, Waterford, Ireland). 

2.3.4 Transient transfections 

For transient plasmid DNA expression, hTERT-RPE1, U2OS or HCT116 cells were plated to 

attain confluency of 70-80% on the day of transfection. The next day, cells were transfected 

with 1:2 DNA to lipofectamine 2000 ratio complexed in Opti-MEM serum-free medium for 

20 min. The mixture was added to cells and incubated for 4 h before replacing with fresh 
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growth media. The cells were then incubated for theindicated time at 37°C before fixation for 

immunofluorescence (section 2.3.7) or immunoblot (section 2.5.5) to analyse protein 

expression levels. 

2.3.5 siRNA mediated knockdown 

hTERT-RPE1 cells were plated to attain 30-40% confluency in growth media without pen-

strep. On the following day, 50 nmol of custom CNTROB siRNA from Sigma-Aldrich: 5’ 

AAGGAUGGUUCUAAGCAUAUC 3’ (Jeong et al. 2007), Silencer Select siRNA 

oligonucleotides specific to GAPDH or CP110 (Table 2.13)  were obtained from Ambion and 

were complexed with Oligofectamine (Invitrogen) in Opti-MEM for 20 min before addition 

to cells. After 4 h incubation of cells-oligofectamine-siRNA complex at 37°C, media 

supplemented with 30% FBS was added to the mixture and cells were incubated for total of 

48 h; where indicated, cells were transfected for 36 h and serum starved for 24 h as described 

in section 2.3.6 before analysis by immunoblotting or immunofluorescence microscopy. 

2.3.6 Serum starvation 

To induce primary cilia formation in hTERT-RPE1, cells were plated to be 70-80% confluent 

the next day. The following day, cells were washed twice with 1x PBS and once with serum-

free DMEM F-12 before incubation in DMEM-F12 supplemented with 0.1% FBS and 1% 

pen-strep for up to 48 h. For microscopy analysis of modified tubulin, cells were incubated on 

ice for 30 min to depolymerise microtubule cytoskeleton before fixation for microscopy 

(section 2.3.7.1). 

 

2.3.7 Microscopy methods 

2.3.7.1  Cell fixation  

Coverslips were sterilised by exposure to ultraviolet radiation under the laminar flow. 

Adherent cells were grown on sterile coverslips to attain 30-50% confluency before 

immunofluorescence (IF) microscopy, while suspension cells were incubated on poly-D-

lysine slides for 15 min at room temperature to allow cells to adhere to the slide. Cell medium 

was aspirated and cells were by either methanol or paraformaldehyde treatment. For methanol 

fixation, cells were fixed and permeabilised in 95% methanol containing 5 mM EGTA at -

20°C, for 10 min. Cells were then washed three times in 1x PBS before proceeding to staining 

for IF microscopy (section 2.3.7.2). For paraformaldehyde fixation, cells were fixed using 4% 

paraformaldehyde for 10 min at room temperature and were permeabilised with 

permeabilisation buffer (see Table 2.1) for 2 min. Cells were then washed thrice in 1x PBS 
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before staining for IF microscopy. To study zebrafish cilia by IF microscopy, 8 somite stage 

(ss) embryos were fixed overnight at 4ºC using 4% paraformaldehyde buffered in 1x PBS . 

2.3.7.2 Immunofluorescence (IF) microscopy 

The fixation procedure described in section 2.3.7.1 is dependent on the nature of the antibody. 

Prior to antibody staining, cells were incubated in IF blocking buffer (Table 2.1) for 30 min at 

room temperature. Cells were incubated with appropriate primary antibodies (see Table 2.4) 

diluted in IF blocking buffer for 1 h at room temperature, followed by three 5 min washes 

with 1x PBS.  This was followed by incubation with appropriate fluorophore-labelled 

secondary antibodies (see Table 2.5) diluted in IF blocking buffer in a dark humid chamber at 

room temperature for 45 min. The slides or coverslips were washed three times for 5 min in 

1x PBS and mounted in 80% v/v glycerol containing 3% N-propyl-gallate in 1x PBS. DNA 

was stained with Hoechst 33258 (Sigma Aldrich) and coverslips were sealed with nail varnish 

and stored at 4°C in the dark. Cells images were captured using an Olympus IX81 microscope 

(Hamamatsu C4742-80-12AG camera) with a 100× oil objective, numeric aperture (NA) 1.35 

and a Z-step of 0.4 µm, using Volocity software v6.2.1 (Improvision Perkin-Elmer, Coventry, 

UK). Images are presented as maximum intensity projections of Z-stacks after deconvolution. 

In collaboration with Dr. David Gaboriau at the Facility for Imaging by Light Microscopy, 

Imperial College, London, we performed automated microscopy imaging analysis for DNA 

damage foci counts. Cells were irradiated using a 137Cs source and prepared for 

immunofluorescence microscopy as described above. IF slides were then sent to Imperial 

College, London for analysis. Automated microscopy imaging and analysis was carried out 

using a Nikon Ti Eclipse microscope (Nikon Instruments, Amsterdam, Netherlands), with a 

60× objective, NA 1.4. Eighteen fields of view were acquired per slide, with 7 Z-slices and a 

Z-step of 0.7 µm. Images were processed as maximum intensity projections and were 

analysed using the General Analysis module of NIS-Elements (Nikon Instruments). The DNA 

signal was used to segment the nucleus and cells on the border of the field of view were 

excluded.  Rad51 foci were counted using a spot detector and the number of Rad51 and 

γ−H2AX foci inside the nucleus per individual cell were exported.  

2.3.7.3 Proximity Ligation Assay 

hTERT-RPE1 cells were grown on a sterile coverslip and fixed in methanol containing 5 mM 

EGTA at -20°C for 10 min. Primary antibody staining was carried out as previously described 

for immunofluorescence. PLA was carried out using Duolink system (Olink) following the 

manufacturer’s protocol. Fluorescence analysis was visualised on an Olympus IX81 

microscope (Hamamatsu C4742-80-12AG camera) with a 100× oil objective, NA 1.35, using 

Volocity software (Perkin-Elmer). 
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2.3.7.4 Electron microscopy 

After necessary cell treatment and incubation, hTERT-RPE1 cells were harvested from a 

T175 cell culture flask by trypsinisation and pelleting at 250 g for 5 min in a 1.5 ml eppendorf 

tube. Cells were washed twice in 1x PBS, and then twice in 0.1 M sodium cacodylate buffer, 

pH 7.2 (Sigma-Aldrich). Cell were then resuspended in primary fixative ( see Table 2.1) and 

incubated overnight at 4°C. On the next day, cells were pelleted, washed twice in cacoodylate 

buffer and fixed in secondary fixative (see Table 2.1) for minimum of 2 h in the dark at room 

temperature until cell pellet turned black. Toxic osmium waste was neutalised in 2% ascorbic 

acid while cell pellets were washed 3 times in cacodylate buffer before dehydration through 

ethanol gradient (15 min each of 30, 60, and 90%). Cells were further dehydrated by 3 x 30 

min incubations in 100% ethanol, after which ethanol traces were removed by 30 min 

incubation in propylene oxide (Sigma-Aldrich). Cells were then subjected to  4 h incubation 

in 50:50 propylene oxide to resin (TAAB, England, UK), followed by overnight incubation in 

a 25:75 propylene oxide to resin mixture. On the next day, cells were embedded in 100% Low 

Viscosity Resin for 6 h which was refreshed every 3 h and after 24 h before polymerising at 

60°C for 48 h. The blocks were cut on a microtome (Reichert-Jung Ultracut E; Leica) into 

sections and stained with uranyl acetate and lead citrate before placing on copper grids for 

viewing on a transmission electron microscope (H-7000; Hitachi) which uses a ORCA-HRL; 

Hamamatsu Photonics camera. Images were processed using AMT version 6 (AMT Imaging). 

2.3.8 Clonogenic survival assays 

Clonogenic survival assays were performed to determine the sensitivity of hTERT-RPE1 cells 

to different DNA damaging agents. Cells were plated on a 6 cm tissue culture plate and 

assayed as previously described by Franken et al. (2006). Briefly, cells in exponential growth 

phase were trypsinised to detach cells from the culture plate and to ensure single-cell 

suspension. Cells were counted using a haematocytometer (Precicolor, HBG, Giessen-

Lützellinden, Germany) and serially diluted to 1x104 cells/ml, then plated in triplicate at the 

appropriate cell seeding concentrations in 6cm dishes, as indicated in Table 2.10. After 6 h 

incubation at 37°C to allow cells to adhere to the culture plate, cells were exposed to varying 

treatments and returned to the 37°C incubator for 10-14 days, when colonies appeared. The 

colonies were gently washed with 1x PBS and stained with crystal violet staining buffer for a 

minimum of 30 min at room temperature. Cell plating efficiency and surviving fractions were 

calculated as described by Franken et al. (2006), and were plotted as a percentage of viable 

cells normalised to the untreated control. 

IR clonogenic assays employed a 137Cs source (Mainance Engineering). For UV radiation 

clonogenic survival assay, cell medium was removed and cells were exposed to UV-C using a 

UVIlite filtered UV lamp source at 254 nm (UVItek, Cambridge, UK). To perform MMS 
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clonogenic survival assays, growth media containing dilution of 20 µg/ml MMS were used to 

make drug dilutions of MMS (Table 2.10) in which cells were incubated at 37°C for 16 h, 

after which spent media were removed, cells were washed twice with 1x PBS and conditioned 

growth media replaced. Stock dilutions of DNA-PKi, ATMi, ICRF-193 and olaparib were 

used to prepare the indicated drug concentrations in conditioned growth media in which cells 

were incubated until colonies formed. 

Table 2.10: Cell plating numbers for clonogenic survival assays in 6 cm2 dishes 
IR 
dosage 

(Gy) 

Cell 
plating 
number 

UV dosage 

(5J/m2) 
Cell 
plating 
number 

MMS/ATMi/
DNA-PKi 
dosage (µm) 

Cell 
plating 
number 

ICRF-
193 
(µm) 

Cell 
plating 
number 

0 400 0 400 0 300 0 400 

2.5 800 5 2000 2.5 1000 0.25 1000 

5.0 2000 10 5000 5 5000 0.5 5000 

7.5 10000 20 20000 10 10000 1.0 10000 

 

2.3.9 Flow cytometric analysis 

Flow cytometry was used to determine cell cycle distribution profile. Exponentially growing 

cells were harvested by trypsinisation, washed in 1x PBS and pelleted by centrifugation at 

250 g. The cell pellet was slowly resuspended in ice-cold 70% ethanol buffered in 1x PBS 

whilst vortexing to disperse cell clumps. Fixed cells were stored at -20°C for at least 2 h or 

overnight. Prior to flow cytometry analysis, cells were washed twice with 1x PBS and 

resuspended in 200 µg/ml RNase A and 40 µg/ml propidium iodide (Sigma-Aldrich) buffered 

in 1x PBS and incubated for 30 min at room temperature. The genomic DNA was stained 

with propidium iodide (PI) and the flow cytomeric analysis of cell DNA content was 

performed and analysed on an Accuri C6 Sampler and analysis software (BD Biosciences, 

New Jersey, USA). 

 

2.4 Zebrafish embryo analysis  

To investigate the roles of centrobin in an entire organism, we collaborated with the Dr. 

Teresa casa Tena of the Philipp’s lab, University of Ulm, Germany for in vivo experiments. 

First, I carried out bioinformatics analysis and identified zebrafish cntrob locus using 5’ 

RACE (sections 2.6.12 and 4.5.1) and also generated full-length cntrob and morpholino-

resistant rescue plasmids for the zebrafish experiments. Dr Teresa casa Tena then designed 

morpholinos targeting cntrob mRNA and also carried out the zebrafish manipulations 

experiments as described in this section.  
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2.4.1 Zebrafish husbandry and manipulations 

Zebrafish were housed in a fully automated, water circulating rack system (Tecniplast) and 

exposed to a 14 h light and 10 h dark cycle.  Embryos from EK and AB wild-type strains 

were generated using natural matings and raised until the desired stage in an incubator set to 

28.5ºC.  Microinjections of MOs or capped RNAs were done with the help of an Eppendorf 

Femtojet and a Narishige micromanipulator at the 1-2 cell stage.  MOs were designed based 

on submitted sequences and synthesized by Gene Tools (Philomath, USA). Two non-

overlapping MOs were used, MO1 and MO2, targetting   the ATG and 5’-UTR of Cntrob 

respectively (see Table 2.14). As control, the standard control MO was used. Capped RNAs 

for reconstitution experiments were in vitro transcribed from linearized plasmids using the 

mMessage mMachine SP6 kit (Ambion) according to the manufacturer’s instructions. All 

husbandry and experiments herein have been approved by local authorities in Ulm, Germany 

and current European law. 

 

2.4.2 Immunofluorescence analysis 

Zebrafish embryos were processed for cilia staining as previously described Burkhalter et al. 

(2013). Zebrafish cilia were labelled by incubation with anti-acetylated tubulin antibody 

(Table 2.4) followed by 1x PBS washes. The embryos were then incubated with fluorescent-

conjugated secondary antibody (see Table 2.5) to allow for primary antibody detection. After 

staining, zebrafish embryos were manually deyolked using forceps and the posterior part of 

the embryo was mounted in Vectashield (Vector Laboratory Ltd, Peterborough, UK) between 

two coverslips. Cilia were then analysed with a Leica TCS SP5II confocal microscope. Cilia 

length was measured from confocal stacks using Image J. 

 

2.4.3 Whole mount in situ hybridisation (WMISH) 

Zebrafish embryos were fixed at the desired stages as described by Burkhalter et al. (2013). 

After fixation, embryos were dehydrated in a methanol/PBT gradient and stored in 100% 

methanol at -20 ºC until further processing.  For WMISH, embryos were gradually rehydrated 

and then processed according to standard protocols. WMISH probes against cardiac myosin 

light chain (cmlc2), insulin (ins) and southpaw (spaw) have been described before (Burkhalter 

et al. 2013). For detection of centrobin transcripts, a DIG-labelled in situ probe covering the 

whole CNTROB coding sequence was generated from the pGEM-T Easy plasmid after 

linearization with ApaI and using SP6 for in vitro transcription. Live embryos and those 
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processed by WMISH were imaged on a Leica M125 upright microscope equipped with a 

Leica IC80 HD camera. 

 

2.5 Protein Methods 

2.5.1 Protein extraction and preparation 

To isolate cellular proteins for analysis, cells were harvested, washed in 1x PBS and pelleted 

at 250 g for 5 min. Cell pellets were resuspended in appropriate volume (20-50 µl) lysis 

buffer (50 mM Tris HCl, pH 7.4; 150 mM NaCl; 5% Glycerol; 1 mM EDTA;  0.5% sodium 

deoxycholate; 1% IGEPAL; protease inhibitor cocktail (Roche) and phosphatase inhibitor 

(Sigma)) for 20 - 40 min on ice with occasional vortexing. Samples were then centrifuged for 

20 min at top speed at 4°C and the supernatant transferred to a fresh 1.5 ml eppendorf tube. 

Total protein concentration of the supernatant was determined by Bradford assay which is a 

dependent on binding of Coomassie Brilliant Blue G-250 dye to amino acids in an acidic 

medium that results in stoichiometric change in dye wavelength. To perform this assay, 1 µl 

of a protein sample was diluted in 1 ml of 1:1 milliQ H2O:Bradford solution (Sigma-Aldrich) 

and incubated at room temperature for 5 min. The absorbance was measured at 595nm using a 

BioPhotometer (Eppendorf) or ThermoScientific Nanodrop 2000c Spectrophotometer 

(Nanodrop Products, Wilmington, DE, USA) and the protein concentration was interpolated 

based on BSA standard curve (y=0.0595x-0.0154 or y=0.0641x+0.0216) for the respective 

spectrophotometers. For the BSA standard curve, absorbance was plotted against increasing 

concentrations of the BSA protein. 

2.5.2 SDS-PAGE  

SDS-PAGE gel provides pore sizes through which protein samples are separated based on 

their molecular weights and the desired gel percentage (composition in Table 2.11) is 

dependent on the size of the protein of interest. To set a desired SDS-PAGE gel percentage 

(usually 6-15%), glass plate and gel combs were cleaned with distilled water followed by 

100% ethanol which was wiped off with lint-free paper towels. The gel apparatus was set up 

and resolving gel was poured and gently overlaid with 100% isopropanol. After at least 20 

min of allowing resolving gel to set, the isopropanol was removed, washed and blotted off 

with whatmann papers. The stacking gel was then poured, a clean gel comb was inserted and 

allowed to set for at least 20 min at room temperature. After polymerisation, gel was 

submerged in ddH2O and the gel comb was gently removed, water was discarded and using 

synringe, the un-polymerised gel and water were removed and the gel wells were straightened 

and gently rinse with 1x TG running buffer. The gel apparatus chamber was filled with 1x TG 

running buffer and protein samples were loaded. 
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For loading on SDS-PAGE gel, appropriate protein concentration (20-80 µg of whole cell 

lysate) was transferred into a fresh tube and 5x protein sample buffer (Table 2.1) was added 

to the samples prior to boiling at 95°C for 5 min. The extract was either stored at -80°C or 

directly loaded on SDS-PAGE gel alongside a prestained broad range protein marker to 

estimate protein molecular size. Electrophoresis was performed at a constant current of 30-70 

mA for 90-120 min in 1x TG running buffer using Hoefer or Bio-Rad Vertical 

Electrophoresis systems. 

Table 2.11: SDS-PAGE gel composition used for protein detection 
Reagent Resolving gel Stacking gel 

30% Acrylamide mix (37:5:1) 6-15 % 5% 

Tris-HCl pH8.8 375 mM - 

Tris-HCl pH6.8 - 125 mM 

Sodium dodecylsulfate (SDS) 0.1% 0.1% 

Ammonium persulfate 0.1% 0.1% 

Tetramethylethylenediamine (TEMED) 0.04% 0.1% 

 

2.5.3 Semi-dry and wet transfer 

Following protein separation on SDS-PAGE gel, the gel was rinsed with water and 

equilibrated in 1x TG transfer buffer (see table 2.1) for 5-10 min. A pre-soaked nitrocellulose 

(0.45 µm pore size) membrane (GE Healthcare) was placed on 2 whatman papers 

(Hartenstein, Würzburg, Germany) pre-soaked in 1x TG transfer buffer. The equilibrated gel 

was gently placed on the membrane, then, another 2 pre-soaked whatman sheets was placed 

on the gel and air bubbles carefully rolled out. The membrane/gel sandwich was assembled 

on the appropriate transfer apparatus in a way that the membrane was closest to the anode and 

the gel to the cathode. Proteins were transferred from the SDS-PAGE gel to the nitrocellulose 

mambrane using Hoefer TE 77 semi-dry transfer unit (GE Healthcare) at 1 mA/cm2 for 2 h or 

a BioRad TransBlot wet transfer unit (Watford, UK) at a constant current of 350mA for 3 h.  

2.5.4 Immunoblotting technique 

To visualise and assess transfer efficiency, membranes were washed 3 times in ddH2O and 

then stained with Ponceau S solution (Table 2.1) for 5 min at room temperature. This was 

followed by several washes with ddH2O until distinct protein bands were visible and a 

photograph of the stained membrane was taken as a reference. Blots were then incubated in 

WB blocking solution (Table 2.1) for 30-60 min at room temperature. This was followed by 

membrane incubation with the appropriate primary antibody (Table 2.4) dilution in 1% milk 

or 1% BSA in 1x PBST or 1x TBST for 1-2 h at room temperature or overnight at 4°C. To 
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remove unbound primary antibody, membranes were washed for 30 min with three 1x PBST 

buffer changes and incubated in HRP-conjugated secondary antibody (Table 2.5) in 1% milk 

or 1% BSA in 1x PBST for 45 min at room temperature. Membranes were then washed with 

1x PBST for 45 min with three 1x PBST buffer changes. All of the above washes and 

incubations were carried out with constant agitation on a rocking platform. To facilitate 

protein detection, ECL (GE Healthcare) was used with strict adherence to the manufacturer’s 

instructions. Briefly, membranes were covered with a 1:1 mixture of the ECL solutions and 

incubated for 3 min followed by autoradiograph film exposure and development on a CP 

1000, AGFA film processor (Superior Radiographics Ltd, Madison, WI, USA). 

2.5.5 Immunoprecipitation 

After trypsinisation of HCT116 or hTERT-RPE1 cells, whole cell extracts were prepared by 

lysing cells in 1 ml of IP lysis buffer (Table 2.1) containing protease inbititor cocktail 

(Roche), 1 mM sodium orthovanadate, 5 mM sodium fluoride, 1:10000 dilution of benzonase 

nuclease (Sigma-Aldrich) and 1 mM PMSF for 45 min at 4°C on rotating wheel. Samples 

were centrifuged for 20 min at 14,000 rpm at 4°C to remove cell debris and supernatants were 

transferred to fresh 1.5 ml eppendorf tubes. Protein concentrations were determined by 

Bradford assay (section 2.5.1). Meanwhile, 20 µl of prewashed protein A/G beads (Santa 

Cruz) were incubated with 3-5 µg of primary antibody for 1-2 h at 4°C with gentle agitation. 

Beads-antibody complex was washed twice with IP lysis buffer followed by incubation with 

3-5 mg total cell extracts for a further 2-4 h. After incubation, beads-antibody-protein 

complex was spun down at 250 g for 3 min and supernatant discarded while beads-antibody-

protein complex were washed 4-6 times in lysis buffer. The complexes were then boiled in 5x 

protein sample buffer for 10 min and pelleted at 12,000 g before immunoblot analysis of 

bound proteins. 

 

2.6 Nucleic acid methods 

2.6.1 RNA isolation and cDNA synthesis 

For total RNA extraction, exponentially growing hTERT-RPE1 cells were harvested from 

confluent 10 cm2 dish by trypsinisation and were resuspended in 1 ml of TRIzol. After 5 min 

incubation at room temperature, 0.2 ml of chloroform was added and mixed by inverting the 

tube followed by 2 min incubation at room temperature. The sample was then centrifuged at 

4°C for 15 min at 12,000 g and the upper aqueous phase was gently removed, while avoiding 

any material at the interphase, and transferred into a new microfuge tube. An equal volume of 

isopropanol was added, mixed by inverting the microfuge tube and incubating for 10 min at 

room temperature. The RNA was pelleted by centrifugation at 4°C, 12,000 g for 10 min and 
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the supernatant was removed. The pellet was washed with 500 µl 70% v/v ethanol in DEPC-

treated water to remove excess salts. The sample was then centrifuged for 5 min at 4°C, 

10,000 g, the supernatant was removed and the pellet was air-dried for approximately 10 min 

at room temperature. The RNA pellet was re-suspended in DEPC-treated H2O and incubated 

at 55°C. RNA concentration was determined on ThermoScientific Nanodrop 2000c 

Spectrophotometer at 260 nm and samples stored at -80°C. Using 2 µg extracted RNA, cDNA 

was synthesised using High-Capacity RNA-to-cDNA kit (Applied Biosystems). The reactions 

were set up according to the manufacturer’s instructions and the cDNA generated was used as 

a template in PCR reactions (section 2.6.4) for the amplification of specific cDNAs. 

2.6.2 Genomic DNA extraction 

Cells were harvested from a confluent 6 well dish into a 1.5 ml microfuge tube and incubated 

overnight at 37°C in a 500 µl Tail buffer (Table 2.1) containing 0.5 mg/ml Proteinase K 

(Sigma-Aldrich). On the following day, the cell lysate was subjected vigorous mixing on a 

thermomixer at 1400 rpm for 5 min after which 240 µl of 5 M NaCl was added to the tubes. 

Cell lysates were mixed for an additional 5 min before being centrifuged at 4°C, top speed for 

10 min to remove precipitated proteins. The supernatants were transferred into new microfuge 

tubes and DNA was precipitated with 750 µl of isopropanol which was added and mixed by 

inverting the tubes. This was followed by centrifugation at top speed, after which the 

supernatant was removed and was followed by a wash in 500 µl of 70% ethanol. The pellet 

was air dried for approximately 10 min at room temperature and the DNA was resuspended 

and solubilised in 50 µl of Milli-Q H2O at 37°C for at least 1 h. Genomic DNA was used for 

PCR amplification of specific sequences (section 2.6.4). 

2.6.3 Plasmid DNA prep 

Mini and midi plasmid DNA were prepared using the GenEluteTM or Nucleobond Xtra Midi 

(Endotoxin-free) kits, respectively. In these procedures, plasmids were isolated according to 

the manufacturer’s instructions. For miniprep, a single bacterial colony was used to inoculate 

5 ml of LB broth with appropriate antibiotic (see section 2.2.1) and incubated shaking 

overnight at 37°C. 4 ml of the overnight culture was used for miniprep DNA extraction while 

100 ml overnight culture was used for midiprep extractions. The resulting plasmids were 

resuspended in 50 µl and 160 µl Milli-Q water respectively. 

2.6.4 Polymerase Chain Reaction (PCR) 

PCR was performed to amplify specific DNA sequence for sub-cloning into linearised vectors 

that was subsequently used for functional analysis. Usually, KOD Hot Start DNA Polymerase 

from Novagen, (Darmstadt, Germany) or Taq DNA polymerase from Sigma-Aldrich were the 

DNA polymerases used depending on the requirement for high fidelity. The annealing 
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temperature and magnesium concentration were optimised for each reaction and a 

representative PCR reaction is shown in Table 2.12. 

Table 2.12: PCR conditions for Sigma Taq and KOD Hot Start 
Reagent Final concentration 

PCR Buffer 1x 

Primers 200 µM 

dNTPs 200 nM 

Mg2+ 1.5 mM 

DMSO 1-5% 

Plasmid/RT reaction/genomic DNA (Template) 10 ng/100 ng/1-2 µl 

Enzyme 0.02 U/µl 

 

All PCR reactions were performed on an Eppendorf Mastercycler Nexus Gradient (Hamburg, 

Germany) and typical program cycling conditions are listed in Table 2.13. 

Table 2.13: PCR programme cycling conditions.  
PCR step Program cycling Number of cycles 

Initial denaturation 95°C – 2 min 1 cycle 

Denaturation 95°C – 20 s  

30 cycles Annealing 50-65°C – 10 s 

Extension 70°C – 25 s/Kb 

Final Extension 72°C – 5 min 1 cycle 

 

A list of primers and siRNA sequences used in this study are detailed in Table 2.14: 

Table 2.14: List of oligonucleotides used in this study.  
Lower cases indicate restriction enzyme sequences and bases required for restriction enzyme cleavage 
close to DNA fragment ends. The capital letters are regions complimentary to the region of interest to 
be amplified. 

Primer name Use Sequence (5’→3’) 

CNTROB full fwd Cloning full length 
human CNTROB 

aaaaagaattctATGGCAACATCAGCTGAC 

CNTROB full rev: aaaaaggtaccTCATCTCCAGACTCCC 

hCNTROB 765-
EcoR1F 

Cloning fragments of 
human CNTROB for 
functional analysis 

tttagaattccGCCATGGCATCCAGTCTTTTCCGGGTCCC  

hCNTROB-364 Sal1 R tttgtcgacctACTGGGCCCAGGTCTGCCGTTCTTCTTCTAG 

hCNTROB 183- EcoR 
1 F 

tttggaattctTTTCAGGGGCTGAGAGATGCATTGG 

hCNTROB 452- EcoR 
1 F 

ttatgaattctGCTGTGCAGCTGGAGCAGCGGGTGAC 
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hCNTROB -452 Sal1 
R 

aatgtcgacGCCAGCTCCGACTCCAGCTGGATCCGC 

hCNTROB 365- EcoR 
1F 

aaaagaattcaCAAGAGCACCAGCTTAAGGAACACTACCA
GG 

CNTROB Exon 1T 
Fwd 

 

CRISPR gRNA 
targeting CNTROB 

caccgGTCTAACCCTTCATGAGGCG  

CNTROB Exon 1T 
Rev 

aaacCGCCTCATGAAGGGTTAGACc 

CNTROB Exon 4 Fwd caccgGTTTGCATCTTACCTTGCGG 

CNTROB Exon 4 Rev aaacCCGCAAGGTAAGATGCAAACc 

Cntrob ex1 SFwd  

CNTROB CRISPR 
clone screening 

GATCCTTGGCGTGGAGTCTTC 

Cntrob ex1 SRev AAACCTTACCCGTTCCCAGTG 

Cntrob ex4 RevS CGCCATTCTCCTGCCTCA 

Cntrob ex4 FwdS AGCCCTAACATTCTCTACC 

GSP1_ZF5 5’ RACE identification 
of zebrafish Cntrob 

CAGCGGTGAGATCAGGAGAGGACAGAGCG 

GSP2_ZF5 CACTTTCCATCTCCTCTATGTGCTTCCTGC 

GSP3_ZF5 CCTCCACATGCACACGCAGATCAGACGCC 

GSP4_ZF5 CGTCCGTGTGTCATGCGACTCTGTCTGG 

ZF CNTROB full F Cloning of full length 
zebrafish Cntrob 

ATGTCTGTGAGCCGAGCTGCTGCTGATGG 

ZF CNTROB full R TCAGTGTTGTCCAGCTGTGGCTCCAGTG 

ZF CNTROB full R3 TCAGTACAGAAACTCCAACCTGCTCAGCCC 

ZF7 CNTROB HindI 
II frag F 

AGCAAAAGCTTAGCAGAGAAGCAGATAAACACAGA
G 

ZF7 CNTROB mut F  Cloning of MO 
resistant zebrafish 
Cntrob 

ATGTCAGTCAGTCGCGCTGCAGCAG 

ZF CNTROB MO1 Gene specific MO-
mediated depletion of 
zebrafish Cntrob 

GTCTGTGAGATGTCTGTGAGCCGAG 

ZF CNTROB MO2 ATGAGAGTTTGTTTACCGTCCGAGT 

DCnb-Fwd	 Cloning of Drosophila 
Cnb 

ccctcaagcttCCATGAGTGATACCGATACGGACGAC	

DCnb-Rev gccttggtaccTCAGCACTTCCAAGGTGGAGGCTTACT 

siCNTROB sense Knockdown of 
centrobin 

AAGGAUGGUUCUAAGCAUAUC 

siCNTROB-antisense GAUAUGCUUAGAACCAUCCUU 

siCP110-sense Knockdown of CP110 GCAAAACCAGAAUACGAGATT 

 

siCP110-antisense UCUCGUAUUCUGGUUUUGCAT 

siGAPDH-sense Knockdown of 
GAPDH 

UGGUUUACAUGUUCCAAUATT 

siGAPDH-antisense UAUUGGAACAUGUAAACCATG 
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2.6.5 5’ RACE reaction 

To identify zebrafish CNTROB cDNA sequence, mRNA was extracted from zebrafish 

embryo at 8 hpf. 5’ RACE was performed using Roche 5’/3 RACE kit, 2nd generation (Table 

2.3) according to the manufacturer’s protocol. The primers (Table 2.14) designed were based 

on EST sequences available (Gen bank numbers: CO356610.1, CT682788.2, CT670105.2, 

EB909336.1 and CK697594.1). 

2.6.6 Restriction digestion of DNA 

Restriction digestion patterns were predicted for DNA sequences using the NEBCutter 

bioinformatics tool or Serial Cloner 2-6 software (Table 2.15). NEB supplied all restriction 

endonucleases used. DNA digestion reactions were set up according to the manufacturer's 

protocol supplied and incubated at the recommended optimal temperature for the restriction 

enzyme for minimum of 2 h depending on the type (PCR amplicon, plasmid or genomic 

DNA) and amount of DNA being digested. Where necessary, restriction enzymes were heat-

inactivated at manufacturer’s recommended temperature and the digestions were analysed by 

agarose gel electrophoresis (section 2.6.10). 

2.6.7 Modification of DNA ends 

2.6.7.1 Generation of Blunt DNA ends 

To facilitate ligation of incompatible cohesive DNA ends, the 5’ and 3’ overhangs were 

blunted using the DNA polymerase I Large (Klenow) Fragment. This enzyme has both 5’→3’ 

polymerase activity which fill-in the 3’ overhangs and 3’→5’ exonuclease activity needed for 

the removal of 5’ overhangs. Briefly, the reaction was carried out in the presence of any NEB 

restriction enzyme buffer, dNTPs (33 µM each) and 1 U of enzyme was used per µg of DNA. 

The reaction mixture was incubated at 25°C for 15 min. The enzyme was then deactivated by 

the addition of 10 mM EDTA and incubation at 75°C for 20 min. The reaction was cleaned-

up (section 2.6.11) and used for blunt end ligation. 

2.6.7.2 Phosphorylation of DNA ends 

After PCR reaction, DNA inserts needed for ligation were subjected to 5’ DNA end 

phosphorylation and removal of 3′ phosphates by T4 Polynucleotide Kinase (T4 PNK) from 

NEB. The reaction was carried out as per the manufacturer’s instructions, briefly, 1x T4 DNA 

ligase buffer containing 1 mM ATP and 1 U T4 PNK per µg DNA were added to each 

purified PCR reaction and incubated at 37°C for 30 min. Enzyme inactivation was achieved 

by incubating the reaction mixture at 65°C for 20 min. 
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2.6.7.3 Dephosphorylation of DNA ends 

To minimise re-circularisation of linear DNA needed for ligation, the linearised DNA vector 

was treated with calf-intestinal alkaline phosphatase (CIP) from NEB or recombinant shrimp 

alkaline phosphatase (rSAP) from USB Affymetrix to dephosphorylate the 5’ ends of linear 

DNA. The enzymes were used according to the manufacturer’s protocol. Briefly, after heat-

inactivation and ice-cooling or spin column clean-up of restriction enzyme reaction, 1 U CIP 

or SAP per µg DNA was added to the digestion reaction and incubated at 37°C for 30 min. 

This was either followed by rSAP enzyme denaturation at 65°C for 10 min or a DNA clean-

up (section 2.6.12) step for CIP. 

2.6.8 Sticky or blunt end ligations 

After recommended DNA purification step, the vector and insert fragment concentrations 

were determined on ThermoScientific Nanodrop 2000c Spectrophotometer and the amount 

required for ratios between 1:3 and 1:10 were calculated using Insilico Ligation Calculator 

(Heinrich-Heine-University of Düsseldorf, Germany). The ligations were performed in the 

smallest volume possible (usually between 10 – 20 µl) using 200-400 U of T4 DNA ligase 

supplemented with the buffer (containing 1 mM ATP) provided. Ligation reactions were 

incubated for 1-4 h at room temperature or overnight at 16°C. After ligation, DNA ligase was 

heat-inactivated by incubation at 65°C for 10 min and plasmids were transformed into E. coli 

(section 2.6.15) immediately or stored at 4°C. Control ligations were performed with either 

vector or insert only to quantify the number of background colonies. 

2.6.9 Assembly of CRISPR plasmids 

To build CRISPR targeting vectors used for generating knockout clones, oligonucleotides 

were annealed at 95°C for 5 min and then cooled slowly on the thermoblock. The oligos were 

then phosphorylated with T4 Polynucleotide Kinase (section 2.6.6.2). pX330 plasmid was 

obtained from Addgene (MA, USA), digested with BbsI restriction endonuclease and 

dephosphorylated with Calf Intestinal Phosphatase (section 2.6.6.3). Annealed and 

phosphorylated oligo nucleotides were then ligated to the digested pX330 plasmid and 

successful cloning was verified by commercial DNA sequencing. 

2.6.10 Analysis of cloned DNA and sequencing 

Usually, 300 ng of DNA from mini or midi prep was analysed by restriction digestion 

(section 2.6.6) and commercial DNA sequencing (Source Bioscience). Plasmid DNA 

sequencing was performed to ensure nucleic acid fidelity and in-frame insertion of DNA 

fragments following cloning. Typically, 100 ng of mini or miniprep and 10 pM sequencing 

primers were sent to Source Bioscience for Sanger sequencing and the output data were 
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analysed on Serial Cloner v2-6 (Table 2.15) to construct correct vector maps with the 

analysed sequences. 

2.6.11 Agarose gel electrophoresis 

Agarose gel is the standard method used to separate, identify, and in some cases, to purify 

DNA fragments. Usually, a 0.5-1.2% agarose gel was prepared using electrophoresis grade 

agarose (Sigma-Aldrich) in 1X TAE buffer (Table 2.1) containing 0.5 µg/ml ethidium 

bromide. The Hoefer HE33 or HE99x Horizontal Submarine Unit (ThermoFisher Scientific) 

were used according to the manufacturer’s instructions for a maximum of 2 h. After 

completion of electrophoresis, separated DNA molecules were viewed on the gel using a 

Multi-Image Light Cabinet (ChemiImager 5500, AlphaImager, ProteinSimple, San Jose, CA, 

USA) and images were taken with a digital camera. For DNA extraction, bands of interest 

were excised from the agarose gel with a scalpel blade under UV light and the DNA was 

purified as described in section 2.6.12.1. 

2.6.12 DNA purification methods 

2.6.12.1 Gel extraction and Column clean-up 

DNA was purified from agarose gel slices (section 2.6.10) using the Qiagen QIAquick Gel 

Extraction Kit according to the manufacturer’s instructions. Typically, a gel slice was placed 

in a 2ml microfuge tube and bound DNA was eluted off the column in 20-40 µl of warm 

Milli-Q H2O. Column clean-up was performed using QIAquick PCR purification kit 

according to the manufacturer’s protocol and bound DNA elution was in 20-40 µl of warm 

milliQ H2O. 

2.6.12.2 Ethanol precipitation 

For purifying linearised plasmid DNA before transfections, one-tenth volume of 3 M sodium 

acetate, pH 5.2 and 1 volume of 100% isopropanol were added to the DNA solution. The 

sample was vortexed and the DNA was pelleted at 4°C, top speed for 10 min. The supernatant 

was removed and the pellet was washed with 500 µl of 70% ethanol. The sample was then 

centrifuged at 4°C top speed for 5 min, the supernatant was also discarded and the pellet was 

air-dried at room temperature for 10 min. The pellet was resuspended in appropriate volume 

of milliQ H2O and stored at -20°C. 

2.6.12.3 Phenol/chloroform precipitation 

Phenol/chloroform extraction and ethanol precipitation were carried out to concentrate 

nucleic acid samples or change the buffers in which DNA samples were dissolved. To 

perform this procedure, an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) was 

added to the DNA solution, mixed by vortexing and centrifuged for 10 min at top speed. The 

upper aqueous phase was removed while avoiding any material at the interphase, and placed 
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in a sterile microfuge tube. An equal volume of chloroform:isoamyl alcohol (24:1) was added 

to the aqueous phase, vortexed as before, and centrifuged for 5 min at 13,000 g. The upper 

aqueous solution was transferred into a sterile microfuge tube and the DNA solution was used 

for ethanol precipitation, as described in section 2.6.11.2.  

2.6.13 Preparation of chemically competent E. coli  

Chemically competent Top10 E. coli competent cells were prepared by inoculating an 

overnight mini culture into 500 ml of LB broth in a sterile 2 L flask which was incubated at 

37°C with shaking until an OD600 between 0.4 and 0.6 was reached, usually about 2 h. The 

bacterial cells were chilled on ice before centrifugation at 6000 g for 10 min at 4°C. The 

pellet was resuspended in 250 ml of ice-cold 0.1 M CaCl2 and incubated on ice for 30 min. 

The cells were then spun down again under the same conditions stated above and the pellet 

was resuspended in 50 ml of cold 0.1 M CaCl2 supplemented with 15% glycerol before 50 µl 

aliquots were prepared in the cold room and flash frozen on dry ice. The competent cell 

aliquots were stored at -80°C. 

2.6.14 Transformation of chemically competent E. coli 

To transform competent cells, an aliquot of E. coli was thawed on ice and was transformed by 

heat shock as described in Sambrook et al. 1989. In general, 5-10  µl of a ligation reaction or 

0.5 µl of plasmid DNA was added and gently mixed by tapping with the thawed E. coli under 

sterile conditions. The cells were placed on ice for 20 min, heat shocked for 90s at 42°C, 

followed by 2 min incubation on ice. After incubation, 900 µl Luria Broth (LB) was added to 

cells and were then incubated shaking (300-350 rpm) at 37°C for 1 h.  Transformed cells were 

plated on LB plates containing the appropriate antibiotic (usually ampicillin or kanamycin 

antibiotics (Sigma-Aldrich) at final concentrations of 50 µg/ml or 30 µg/ml, respectively) and 

incubated overnight at 37°C. Transformed cells were resistant to the antibiotic and cells 

yielded colonies. These colonies were subsequently used to prepare broth cultures for DNA 

mini or midi-preparations after screening. 

 

2.7 Computer programmes and Bioinformatic tools 

A number of softwares and online bioinformatics tools were routinely used in this study. A 

list of such is shown in Table 2.15. 

Table 2.15: Bioinformatics and statistical tools used in this study  
Tool Source Use 

Accuri C6 sampler and 
flow analysis software 

BD Biosciences For analysis of flow cytometry 
samples 
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Adobe illustrator CS6 Adobe Systems For processing images and Figures 

Adobe Photoshop CS6 Adobe Systems For processing microscopy images 

BLAST http://www.ncbi.nlm.nih.gov/BLAS
T 

For comparing DNA or protein 
sequences  to database for analysis 

ClustalW www.ebi.ac.uk/clustalw For Protein and DNA sequence 
alignment 

Double Digest Finder https://www.neb.com/tools-and-
resources/interactive-tools/double-
digest-finder 

For determining buffer 
compatibility for restriction 
endonuclease 

Expressed Sequence 
Tags (EST) database 

http://www.ncbi.nlm.nih.gov/ 
dbEST/ 

 

For analysing EST sequences in the 
database 

Gene Tools www.gene-tools.com To design MO antisense oligos 

GraphPad Prism 5.0c Graphpad, La Jolla, CA, USA For statistical analysis of acquired 
data 

ImageJ imagej.nih.gov/ij/ For processing and quantifying 
image signals 

Ligation calculator www.insilico.uni-
duesseldorf.de/Lig_Input.html 

For determining DNA amount 
needed for ligation ratios 

NEBcutter http://www.labtools.us/nebcutter-
v2-0/ 

For identifying restriction enzyme 
sites on DNA sequence 

NCBI gene database http://www.ncbi.nlm.nih.gov/gene/ For obtaining gene (DNA or 
protein) sequences from the 
database 

OligoCalc http://biotools.nubic.northwestern.e
du/OligoCalc.html 

For calculating primer properties 
such as Tm, self-complimentarity 
etc. 

Reverse Complement http://www.bioinformatics.org/sms/
rev_comp.html 

 To convert DNA sequence into its 
reverse, complement, or reverse-
complement sequence 

 

Serial cloner v2-6 serialbasics.free.fr/Serial_Cloner.ht
ml 

For drawing DNA plasmid maps 
and  identifying restriction sites on 
DNA sequence 

Translation tool Expasy.org To translate nucleotide sequence to 
protein sequence 

Volocity v6.21 Improvision/Perkin-Elmer Acquistion and analysis of 
microscopy images 
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3 A role for centrobin in centriole duplication and 
biogenesis 

3.1 Introduction 

The formation of a bipolar mitotic spindle is essential for faithful segregation of chromosome 

between two newly formed daughter cells. The centrosome organises microtubules and 

ensures proper spindle assembly. As with DNA replication, centrosome duplication also 

follows a semi-conservative assembly that occurs strictly once per cell cycle (Tsou and 

Stearns 2006, Fu et al. 2015). Both processes are tightly linked and regulated by several key 

players in the cell cycle (Busch et al. 2007, Bourke et al. 2007, Adon et al. 2010).  

Structurally, a typical G1 centrosome contains a pair of microtubule-based centrioles 

connected by a linker at the proximal ends and embedded in their functionally distinct 

proteinaceous pericentriolar material (PCM) (Lu et al. 2015a). The proximal ends of each of 

the G1/S centrioles nucleate a single cartwheel structure on which the procentriole is 

assembled and elongates during S and G2 phases of the cell cycle. Prior to mitosis, the linked 

mother centrioles are disconnected to allow for bipolar spindle formation (Azimzadeh and 

Marshall 2010, Nigg and Stearns 2011). The two newly duplicated centrosomes are then 

disengaged in late mitosis/early G1 in a process that requires the activities of PLK1 and 

separase (Tsou and Stearns 2006, Tsou et al. 2009). Centriole disengagement and the 

acquisition of PCM by the newly synthesised centriole act as the license for centrosome 

duplication in the subsequent round of the cell cycle (Loncarek et al. 2008a, Tsou et al. 2009, 

Hatch and Stearns 2010) 

The two centrioles in a centrosome differ in age and maturity. Only the mother centriole 

carries the appendages which were conferred during G2 and M-phase of the cell cycle 

(Delgehyr et al. 2005; Azimzadeh and Marshall, 2010; Nigg and Stearns, 2011). The distal 

and the sub-distal appendages are located at the distal end of the mother centriole where they 

play essential roles in anchoring microtubules and primary ciliogenesis (Delgehyr et al. 2005; 

Ishikawa et al. 2005; Graser et al. 2007). Structural and numerical defects of the centrosome 

contribute to genome instability, aneuploidy and ciliopathy (Doxsey et al. 2005; Dodson et al. 

2007; Nigg and Raff, 2009; Azimzadeh and Marshall, 2010; Pihan, 2013). 

A complex network of proteins localise to the centrosome and participate in coordinating 

centrosomal activities during ciliogenesis and spindle assembly (Andersen et al. 2003). 
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Centrobin (Centrosomal BRCA2-interacting protein, also called NIP21, LIP8 and PP1221) 

was initially categorised as a centrosomal candidate in a proteomic screen for human 

centrosomal proteins (Andersen et al. 2003). It was later identified as a bona fide centrosomal 

protein that interacts with BRCA2 (Zou et al. 2005). Centrobin is a core centrosomal protein. 

It localises to the centrosome at all stages of the cell cycle and its localisation is not 

influenced by microtubule depolymerisation (Zou et al. 2005). 

In human cells, depletion of centrobin was sufficient to prevent centrosome amplification 

induced by HU treatment or PLK4 overexpression and also led to increased numbers of 

monocentric and acentric cells (Zou et al. 2005). Based on these observations, centrobin was 

thought to be an essential centriole duplication factor that localises to the daughter centriole 

of interphase cells (Zou et al. 2005). During centriole biogenesis, centrobin is recruited to the 

procentriole by CEP152 and its activity is essential for regulating centriolar levels of 

CPAP/CENPJ during centriole elongation (Gudi et al. 2014). Centrobin interacts directly with 

CPAP and tubulin and thus is essential for both the biogenesis and elongation stages of 

centriole replication. Interestingly, overexpression of centrobin in interphase cells resulted in 

the formation of abnormally long centriole-like structures (Gudi et al. 2015). 

Similar to Nek2 depletion, mice depleted of centrobin showed disorganised mitotic spindle 

organisation during embryogenesis and were arrested at the 4-cell stage (Sonn et al. 2009). 

Hypodactylous rats with a congenital abnormality that results in loss of digits endogenously 

express a truncated form of centrobin (Liska et al. 2009). The hypodactylous rats do not 

exhibit any proliferation defect; rather, they show deformed limbs and skeleton, abnormal 

spermatogenesis and growth retardation. Strikingly, re-introduction of centrobin into 

hypodactylous rats rescues all malformation phenotypes except the spermatogenesis defects 

(Liska et al. 2009, 2013). In Drosophila neuroblasts, centrobin distinguishes the mother and 

daughter centrioles and it is not essential for centriole duplication or maturation marked by 

mitotic PCM recruitment on the immotile daughter centriole. In this specialised cell type, 

centrobin regulates asymmetric division in neuroblasts through its ability to organise 

microtubules and PCM (Januschke et al. 2013). Loss of centrobin from the daughter centriole 

prevents it from organising aster microtubules and results in loss of PCM from the daughter 

centriole (Januschke et al. 2013). 

To date, all published observations on the contributions of centrobin to centrosome functions 

in human cells were based on siRNA-mediated depletion of the protein. The use of siRNA-

mediated protein depletion presents certain disadvantages, such as non-specific off-target 
                                                        

 

1 CNTROB (NM_053051) located on chromosome 17 is different from BNIP2 (NM_001320675.1) 
which is also called NIP2 and is located on chromosome 15. 
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effects and incomplete knockdown efficiency that may lead to residual functional protein. To 

minimise these deficiencies, we decided to use CRISPR/Cas9 technology to disrupt the 

CNTROB locus in non-transformed hTERT-RPE1 (retinal pigmented epithelium) cells, which 

are considered to be karyotypically normal (Bodnar et al. 1998). 

CRISPR/Cas9 endonuclease-mediated gene targeting is a highly efficient technique that 

facilitates gene manipulation at specific site. This technology mimics the bacterial defense 

system. It relies on guide RNA (gRNA) binding specifically to regions of interest to allow the 

Cas9 endonuclease to induce a double-strand DNA break upstream of the PAM (protospacer-

adjacent motif) sequence that is adjacent to the gRNA (Ran et al. 2013, Mali et al. 2013). 

Generally, genotoxic insults that induces DSBs activate either the homologous repair (HR) or 

non-homologous end joining (NHEJ). During NHEJ repair, nucleotide insertion and/or 

deletion mutations at the break site may introduce a premature stop codon. This results in 

transcription of a highly unstable mRNA for protein translation that results in the functional 

ablation of the gene. On the other hand, activation of the HR repair pathway depends on the 

availability of a template DNA to allow for precise repair through integration of the template 

DNA into the genome. Recently, this precise repair has been successfully used to manipulate 

the genome of human embryos to correct heritable genetic mutations (Ma et al. 2017, Tang et 

al. 2017). 

At the initial stage of this project, we generated a novel monoclonal antibody against 

centrobin as well as centrobin knockout and rescue cell lines which were useful reagents for 

investigating the roles of centrobin in centrosome-related functions such as DNA repair and 

ciliogenesis. In this chapter, we present bioinformatics analysis of human centrobin, cloning 

of human CNTROB cDNA, and novel monoclonal antibody characterisation. We analyse the 

centriolar and proliferative roles of centrobin in CNTROB null and rescue clones. We find 

that CNTROB is not an essential gene for cell proliferation and viability. Loss of centrobin 

does not significantly affect centrosome protein composition but results in a slight increase in 

acentric and monocentric cell populations. 

 

3.2 Bioinformatic analysis of centrobin 

We used the NCBI database for analysis of the human CNTROB locus. The CNTROB gene 

spans 17.8 kbp on the p-arm of chromosome 17 (Figure 3.1). Based on the current database, 

there are 6 confirmed human CNTROB isoforms (Table 3.1). 

 

 



  Chapter 3 

 68 

   

 

 

Figure 3.1: Schematic of human CNTROB genomic locus. 
Exons are indicated as black boxes and exon numbers are indicated with Roman numerals. Introns and 
the untranslated regions (UTR) are shown with connecting lines and grey boxes respectively. 

 

Zou et al. initially reported the presence of alpha and beta centrobin isoforms in human (Zou 

et al. 2005). The only difference between these isoforms is that the beta isoform contains an 

extra 66 nucleotides on exon 17, making it the longest transcript. To date, the alpha transcript 

is known as the predominant variant and has been the most widely studied. Expression of the 

beta isoform as a minor transcript was briefly described during initial centrobin 

characterisation (Zou et al. 2005). The expressions of other centrobin mRNA variants (model 

and known RefSeq with NM and XM accession number, respectively, see Table 3.1) have 

never been experimentally confirmed in the currently available literature. Aside from 

transcript X14 that lacks the expression of exons 1-5, variations between the isoforms are as a 

result of differences between either UTRs, exons II, XVII or XVIII (Figure 3.1). Since there 

is no experimental confirmation of these isoforms, it is unknown if these isoforms are 

expressed and are functionally relevant in a biological system. On the other hand, these 

isoforms may be products of computational gene prediction tools. Therefore, our study was 

based on the analysis of the alpha isoform of the CNTROB gene. 

 

Table 3.1: Comparative analysis of predicted human CNTROB isoforms 
Analysis of the 18 human CNTROB transcript variants. The transcript, CDS and amino acid length are 
shown.  

Isoform 
name 

NCBI accession 
number 

Transcript 
length (bp) 

CDS length 
(bp) 

Confirmed or predicted 
Protein length (aa) 

Alpha  NM_053051.4 4114 2712 903 

Beta  NM_001037144.6 4180 2778 925 

Gamma NM_001330124.2 4117 2715 904 

Delta NM_001353202.1 4094 2616 871 

Epsilon NM_001353205.1 4121 2447 815 

Zeta NM_001353204.1 4119 2153 717 

X1 XM_017024128 3612 2778 925 

X2 XM_017024129 3083 2778 925 



  Chapter 3 

 69 

   

X8 XM_017024134 3703 2682 893 

X9 XM_005256438 3640 2618 872 

X11 XM_017024135 3712 2511 836 

X13 XM_017024137 3660 2445 814 

X14 XM_017024138.1 2390 2220 739 

X15 XM_017024139.1 3746 2157 718 

X17 XM_017024141.1 3082 2127 708 

X18 XM_017024142.1 3809 2088 695 

X19 XM_017024143.1 2838 1914 637 

X20  XM_017024144.1 3869 1848 615 

 

CNTROB gene orthologues have been identified in several vertebrates and Drosophila. Using 

the Clustal Omega sequence alignment tool, we determined the level of protein homology 

between human centrobin and its orthologues in other species. We observed the highest level 

of conservation (≥70%) between human and other mammalian centrobin orthologues. When 

the human centrobin was compared to its fish orthologues in this study (represented by 

zebrafish and herring), there was a high level of sequence identity in only some parts of the 

protein sequence, resulting in an overall moderate homology (30-40%). Our analysis revealed 

that the least homology (<30%) is between human and Drosophila centrobin (Figure 3.2). 

With the exception of Drosophila, all the other CNTROB orthologues in this study share 

synteny by localising between the ATP1B2 and TRAPPC1 gene loci on their respective 

chromosome (data not shown). However, these analyses suggest that CNTROB is moderately 

conserved among species used in this study. It also highlights the possibility of highly 

conserved domains with functional significance in centrobin and its orthologues. 
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Figure 3.2: Comparative analysis of the human CNTROB gene and its orthologues from 
other species. 
The level of conservation is measured by the % of identical amino acid residues found in the analysed 
sequences. The referred values do not account for computational errors associated with predicted 
protein sequence. The protein sequences used for this comparison and their NCBI protein database 
accession number are as follows: Human: NP_444279.2; Rhesus monkey: NP_001248135.1; Mouse: 
NP_766148.2; Rat: NP_001128117.1; Cow: XP_015314253.1; Dog: XP_005620061.1; Herring: 
XP_012673037.1; Zebrafish: MF461638 (this study; submission under review by NCBI); Drosophila: 
NP_647680.1. 

 

3.3 Production and characterisation of monoclonal anti-centrobin 

antibody (6D4F4) 

To study the functions of CNTROB, a monoclonal antibody (6D4F4) was raised in mouse 

against ~300 amino acids at the N-terminus of the human centrobin (Figure 3.3A). Dr. David 

Gaboriau generated the antigen used for generating this monoclonal antibody as previously 

discussed in section 2.3.2. The specificity of our novel antibody was confirmed by 

immunoblotting and immunofluorescence microscopy analysis after 48 h of treatment with 

siRNA to mediate protein knockdown. The CNTROB siRNA used in this has been previously 

established in an independent study (Jeong et al. 2007). After treatment, immunoblotting 

analysis conducted on the cell lysates of controls or siCNTROB showed that the antibody 

detects a band at ~120 kDa and the loss of this protein signal after knockdown verified the 

specificity of our monoclonal centrobin antibody. siRNA against GAPDH was used to 

confirm siRNA transfection while α-tubulin was used as loading control (Figure 3.3B). 

Furthermore, we used immunofluorescence microscopy to detect centrosomal localisation of 

the antigen recognised by our monoclonal anti-centrobin antibody. As shown in Figure 3.3C, 

after 50 and 100 nM siCNTROB treatment, the recognised protein levels were significantly 

reduced at the centrosome of hTERT-RPE1 while the centrosome marker used, γ-tubulin, was 
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retained with an unaltered intensity at the centrosome. These results confirm the specificity of 

our novel monoclonal anti-centrobin antibody (6D4F4). 

Figure 3.3: Characterisation of a novel mouse monoclonal centrobin antibody.  
A. Schematic representation of full-length human centrobin showing the region used as an antigen for 
monoclonal antibody production. CPAP-, Cep152- and tubulin- binding regions and centrosome 
localisation signals at the C-terminal end of the protein (C-terminal CLS) are also shown. A Coiled-coil 
domain in the centre of the protein sequence is indicated by a grey box. Orange lines indicate PLK1 
phosphorylation (T3, S4, 21, 22) while purple lines indicate Nek2 phosphorylation sites (T35, S36, 41, 
45). B. Immunoblot confirming specificity of the novel antibody by siRNA-mediated centrobin 
knockdown in hTERT-RPE1 cells for 48 hours. siRNA against GAPDH was used as positive control 
and α-tubulin as a loading control. nsp denotes non-specific protein band. C. Immunofluorescence 
microscopy reveals that anti-centrobin antibody, 6D4F4, specifically detects centrobin (green) at the 
centrosome. γ-tubulin (red) was used to mark the centrosome, and DNA (blue). Scale bar, 5 µm and 
insets, 1 µm. (Monoclonal antibody was designed and generated by Dr. David Gaboriau). 

 

3.4 Localisation of centrobin at stages of the cell cycle 

Our monoclonal anti-centrobin 6D4F4 was next used to investigate the localisation of 

endogenous centrobin in asynchronous hTERT-RPE1 and chicken DT40 cells (Figure 3.4). 

Immunofluorescence microscopy analysis of centrobin in both of these cell lines revealed that 

centrobin is indeed a core centrosomal protein that is consistently localised to the centrosome 

at all stages of the cell cycle. Consistent with the observations reported by Zou et al. our 

immunolocalisation studies also revealed a specific pattern in the appearance of centrobin at 

different phases of the cell cycle (Figure 3.4A). We noticed that in majority of G1 cells, a 

single centrobin signal was present while during S/early G2 and mitosis, a second centrobin 

signal, which may occasionally be with one or two weaker centrobin signals, was observed. 
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Figure 3.4: Centrobin localisation at 
different stages of the cell cycle. 
A. IF microscopy visualisation of centrobin in 
hTERT-RPE1 cells over the cell cycle. 
Asynchronous cells were fixed and stained with 
anti-centrobin (green), γ-tubulin (red) and DNA 
(blue). B. IF microscopy visualisation of 
centrobin in interphase chicken DT40 cells. 
Asynchronous cells were fixed and stained with 
anti-centrobin (green), Cep135 (red) and DNA 
(blue). Scale bars, 5 µm and insets scale bars, 1 
µm. 

 

The weaker signals may indicate the presence of residual centrobin at the mother centrioles; 

although the mechanism through which centrobin is removed from the mother centriole 

during mitosis is yet unknown. This observed pattern confirms previous studies where 

centrobin was shown to localise to nascent procentrioles at very early stages of centriole 

duplication during the G1/S transition. It is then retained as a core centriolar protein that is 

preferentially visualised on the daughter centriole (Zou et al. 2005, Gudi et al. 2014). 

 

3.5 Cloning and overexpression of CNTROB and EGFP-CNTROB 

To investigate centrosomal functions of centrobin, we cloned the CNTROB cDNA into 

mammalian cloning and expression vectors. First, we designed primers to the 5’ and 3’ ends 

of CNTROB alpha transcript (NCBI accession number: NM_053051), with which we 

successfully performed RT-PCR as confirmed by agarose gel electrophoresis (Figure 3.5A). 

The amplicon was cloned into pEGFP-C1 backbone to yield a pEGFP-CNTROB plasmid 



  Chapter 3 

 73 

   

which features a neomycin resistance cassette. A number of pEGFP-CNTROB clones were 

sequenced to verify the cDNA sequence relative to NM_053051. 

Although centrobin has a low endogenous expression level (Zou et al. 2005; Jeong et al. 

2007), our initial immunoblot analysis of pEGFP-CNTROB after transient transfection of the 

plasmid into hTERT-RPE1 showed a low level of expression for the GFP-centrobin encoded 

by the plasmid (data not shown). Due to the very low expression level of GFP-centrobin in 

hTERT-RPE1 and the neomycin resistance of our CNTROB knockout cells (section 3.6), we 

decided to remove EGFP and neomycin promoter sequences from the pEGFP-CNTROB 

plasmid. We also decided to subclone a blasticidin resistance (Bsr) cassette (from pLoxP-

BSR) into the plasmid for selection. The EGFP removal was achieved using AgeI and XhoI 

while the Bsr cassette (along with SV40 promoter) was subcloned by blunt end ligation to 

generate pCNTROB-Bsr (hereinafter referred to as pCNTROB) (Figure 3.5B).  

Figure 3.5:  Cloning of full-length human CNTROB cDNA 
A. PCR amplification of CNTROB from human cDNA yielded the expected ~2.8 kb product. 
Amplification was successful at various indicated annealing temperatures using primers designed from 
NM_053051 sequence. B. Schematic of pCNTROB-Bsr plasmid showing the CMV promoter, 
kanamycin and blasticidin resistance marker used for bacterial and mammalian selections. 

 

To test the centrobin expression constructs, we transfected them into wild-type hTERT-RPE1 

or U2OS cells for transient expression (Figure 3.6A-D). The expression levels of centrobin 

and GFP-centrobin were assessed by immunofluorescence and western blot (Figure 3.6A-D). 

Using pericentrin to mark the centrosome during immunofluorescence microscopy, we 

confirmed that centrobin protein expressed from pCNTROB and pEGFP-CNTROB plasmids 

localised to the centrosome (Figure 3.6A-B). We observed moderate expression of GFP-

centrobin while the untagged centrobin was highly expressed in U2OS cells. The 

untransfected (UT) control and pCNTROB-transfected cells show centrosomal signals, but 

linear cytosolic structures were stained in the pCNTROB-transfected cells (Figure 3.6A). 

Also, there was no centrosomal localisation in the empty vector (pEGFP-C1) negative control 

compared to pEGFP-CNTROB-transfected cells (Figure 3.6B). Our immunoblot analysis was 
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consistent with the expected size of centrobin: we observed an increase in the level of 

centrobin in hTERT-RPE1 cells transfected with pCNTROB relative to the untransfected 

control and the levels declined over time (Figure 3.6C, lane 2-4). We also observed a ~140 

kDa protein in the pEGFP-CNTROB-transfected hTERT-RPE1 cells (Figure 3.6C, lane 5-7). 

This also confirms the specificity of our monoclonal antibody, which recognises both the 

endogenous centrobin and centrobin expressed from cloned cDNA. Furthermore, anti-GFP 

antibodies specifically detected the ~140 kDa band only in the pEGFP-CNTROB transfected 

cells (Figure 3.6D, lane 5-7). We used α-tubulin as a loading control on the western blot 

analyses. These results show that the plasmids encode functional centrobin that localises to 

the centrosome in U2OS and hTERT-RPE1 (data not shown). 

Figure 3.6 Transient expression of full-length human CNTROB cDNA 
A. Immunofluorescence microscopy analysis of transient expression of pCNTROB and B. pEGFP-
CNTROB in U2OS cells. Proteins expressed from both plasmids showed centrosomal localisation with 
pericentrin (red). Scale bars, 5 µm and insets, 1 µm. C. Immunoblot analysis of transient expression of 
pCNTROB and pEGFP-CNTROB in hTERT-RPE1 cells at indicated time points. Cell lysates were 
probed with anti-centrobin (6D4F4) or D. with GFP antibody. Centrobin and GFP-centrobin products 
run at approximately 120 and 140 kDa, respectively. nsp denotes non-specific bands. 

 

3.6 Disruption of human CNTROB locus in hTERT-RPE1 cells 

using CRISPR/Cas9 

To study the functions of centrobin in human cells, we generated centrobin knockout cells 

using CRISPR/Cas9 genome editing, a very robust and commonly used RNA- guided gene 
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editing technique. Using the guide RNA (gRNA) database (available at 

http://arep.med.harvard.edu/human_crispr/) provided by Mali et al. (2013), we selected 2 of 

the available 16 gRNA sequences that can potentially disrupt the CNTROB genomic locus. To 

ensure higher efficiency of disrupting all the CNTROB transcripts/isoforms, we designed 

gRNA against exons 1 and 4 (Figure 3.7A), which were chosen due to their proximity to the 

start codon and the 5’ end of the locus. This was preferred as it reduces the likelihood of cells 

expressing a potentially stable coding transcript. 

hTERT-RPE1 cells were transfected with pX330 plasmid containing one of the two gRNA 

sequences (the oligo sequences are listed in Table 2.14) along with a plasmid coding for 

neomycin antibiotic resistance. After 10 days of antibiotic selection with geneticin, colonies 

were individually selected and subsequently examined by western blot and IF microscopy for 

their loss of centrobin expression (Figure 3.7B-D). We screened 45 clones and obtained 4 

clones that lacked detectable centrobin by western blot. A representative immunoblot for two 

clones that were analysed further is shown in Figure 3.7B. To ascertain the loss of centrobin 

at the centrosome, we used our monoclonal antibody and a commercially available polyclonal 

anti-centrobin antibody which was designed against the full-length protein for IF microscopy 

(Figure 3.7A, C and D). We observed the absence of centrobin signal at the centrosome, as 

visualised by γ−tubulin and PCM1 respectively. The polyclonal antibody was expected to 

facilitate the visualisation of any truncated form of centrobin protein since the full-length 

protein had been used as immunogen during antibody generation. These data showed that we 

successfully targetted the human CNTROB gene locus and ablated the gene expression in 

human hTERT-RPE1 cells. 
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Figure 3.7: Generation of CNTROB knockout hTERT-RPE1 cells. 
A. Schematic representation of centrobin protein showing regions used as antigen during monoclonal 
(6D4F4; MoAb) and commercially available polyclonal (pAb) anti-centrobin antibodies design; and 
are shown in blue and red lines respectively. Arrows indicate the guide RNA target sites used for 
disruption of CNTROB at exons 1 and 4. The coiled-coil domain is shown in grey box. CPAP and 
tubulin binding domains and the centrosome localisation signal are also shown. B. Western blot 
confirming loss of centrobin expression in wild-type and two hTERT-RPE1 CNTROB knockout (KO) 
clones. Ponceau was used as loading control. C. Immunofluorescence micrograph confirming loss of 
centrobin at the centrosome of CNTROB KO cells using our novel monoclonal antibody (MoAb, 
shown in green). γ−tubulin (red) was used to visualise the centrosome and DNA is shown in blue 
(stained with Hoechst). D. Immunofluorescence micrograph confirming loss of centrobin in CNTROB-
KO cells using commercially available polyclonal antibody (pAB, shown in green). PCM1 (red) was 
used to visualise the centriolar satellites and DNA, shown in blue, was stained with Hoechst. Scale 
bars, 5 µm and insets, 1 µm. 

 

To determine the exact nature of the Cas9-mediated DNA modification of the CNTROB 

locus, we carried out PCR reactions on genomic samples from wild-type and the four 

CRISPR knockout clones. The PCR amplicons were sequenced for the targetted regions on 

exon 1 and 4 using CRISPR screen primers (Table 2.14). The sequence traces of the PCR 

products (not shown) for wild-type cells and our positive CRISPR clones (clones lacking 

centrobin signals) revealed the exact alterations that occurred after the Cas9 activity.  

From the sequencing data, we discovered that the genomic sequence of 3 of our 4 clones had 

43 nucleotide deletions on exon 4. This deletion resulted in the removal of a splice site 

(Figure 3.8A-C). To ascertain the impact of the splice site removal after Cas9 cleavage, we 

analysed cDNA from one of these 3 clones. Our analysis revealed the loss of exon 4 during 

pre-mRNA splicing that leads to the introduction of a premature stop codon (Figure 3.8C). 
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This clone (interchangeably referred to as ‘KO1’; ‘KO’; or ‘CNTROB KO’) was chosen for 

further experimental investigation in this project.  

We sequenced the fourth of our CRISPR clones and we also observed 7 nucleotide deletions 

on the exon 1 genomic sequence which also led to premature stop codon (Figure 3.7A and D).  

We also used this clone (referred to as ‘KO2’) for some of our experimental investigations in 

which we found no significant difference in the phenotypes observed between KO1 and KO2. 

To investigate the homozygosity of the mutations, we cloned the PCR products into pGEM-

T-Easy and all the clones (at least 5 clones were sequenced from each of the mutants using T7 

and SP6 primers) revealed similar mutations. Also, the evidence that the same alterations 

occurred to DNA on both alleles was revealed by the presence of single peaks all through the 

DNA traces of total PCR products for the CNTROB CRISPR clones (Appendix 1, Appendix 

2). 

Figure 3.8: Sequencing confirmation of specific genome manipulations CNTROB 
knockout clones after CRISPR/Cas9 
A. Schematic representation of CNTROB gene. The regions to which both gRNAs were designed are 
underlined below the exons, highlighting the targeted CRISPR exons. B. Upper panel shows nucleotide 
sequences obtained from genomic DNA PCR of wild-type and KO1 cells revealing 43 nucleotide 
deletion at the 3’ end of exon 4 which includes an intron/exon junction indicated in small letters. Lower 
panel shows the cDNA and predicted protein sequence for KO1 (exon 4 gRNA). Sequences are 
coloured according to their respective exons and part of the wild-type exon 4 sequence is omitted. The 
loss of intron/exon junction (GT in red) led to loss of exon 4 in KO1 during splicing. Direct translation 
of exon 3 and 5 in KO1 introduces a premature stop codon shown with red asterisk. C. Schematic 
representation of pre-mRNA splicing process in KO1 indicates splicing-out of exon 4 to yield 
premature stop codon indicated by red asterisk in the mRNA transcript. D. Genome editing of 
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CNTROB locus sequence reveals loss of 7 nucleotides that resulted in premature stop codon in KO2 
(exon 1 gRNA). 

 

Generally, transcripts with a premature stop codon activate an mRNA decay pathway that 

leads to rapid reduction in their availability for the translational machineries (Jacobson and 

Peltz 1996). Furthermore, the predicted molecular weight of any truncated form of centrobin 

proteins produced as a result of these premature stop codons introduced by Cas9 activity are 

23.7 kDa (198 aa) and 8.2 kDa (69 aa) for KO1 and KO2 respectively. We believe that the 

functionality of these truncated centrobin proteins, if produced, would be insufficient to play 

any roles of the full-length protein. Therefore, we concluded that our CNTROB KO cell lines 

are complete centrobin null cells. 

 

3.7 CNTROB nulls show normal centrosome composition 

The centrosome is composed of several hundreds of proteins that contribute to different 

stages of centrosomal duplication process and/or functions. To investigate the impact of 

centrobin deficiency at the centrosome, we used antibodies that recognise known centrosomal 

components. First, we analysed the integrity of the cartwheel assembly by staining for the 

distribution and localisation of Cep135 and hSas6. The centrosomal cartwheel and scaffold 

proteins are essential for procentriole assembly during centriole replication (Kleylein-Sohn et 

al. 2007, Strnad et al. 2007, Azimzadeh and Marshall 2010). As evident from 

immunofluorescence microscopy, Cep135 and hSas6 localisation and distribution in 

centrobin-deficient cells were comparable to those of wild-type cells (Figure 3.9). 

For further investigation of centrosome structure in our CNTROB KO cells, we studied the 

dynamics of centriole linker, centriole distal end and mother centriole integrity by looking at 

the localisation pattern of C-Nap1, Cep97 and Kizuna, respectively (Figure 3.9). We observed 

that the integrity of these proteins at the centrosome were retained in the absence centrobin. 

Normally, C-Nap1 localises to and acts as a tether at the proximal ends of both parental 

centrioles while Cep97, along with its interacting partner CP110, localises to the distal end of 

the centrioles where they regulate centriole length and prevent ciliogenesis in cycling cells 

(Schmidt et al. 2009, Nigg and Stearns 2011). Importantly, a single kizuna signal was 

observed in both wild-type and CNTROB knockout clones. This indicates the presence of only 

one matured centriole in a typical G1 cell in CNTROB knockout cell populations. This 

observation confirmed published findings that highlighted centrobin as a major determinant 

of mother-daughter centriole function (Conduit 2013, Gottardo et al. 2015). 
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Next, we stained the cells with antibodies against Cep164, PCM1 and Centrin2, which allow 

us to visualise the distal appendages, centriolar satellites and the distal lumen, respectively. 

Representative examples of a typical stained G2 wild-type and centrobin-deficient cells are 

shown in Figure 3.9. We observed the presence of four centrin2 signals and the localisation of 

two Cep164 signals (1 strong and 1 weaker signal), which are indicative of distal appendages 

on the parental centrioles (Graser et al. 2007). Cep164 is a component of the distal appendage 

that resides only on the mother centriole and is essential for ciliogenesis (Graser et al. 2007, 

Daly et al. 2016). This result corroborates our observation that the daughter centriole in 

CNTROB null cells does not carry the distal and subdistal appendages, as we have shown with 

stainings with maturation markers, Cep164 and Kizuna. This result shows that centriole 

maturation is not affected in centrobin-deficient cells. As apparent from the IF analysis, the 

integrity and distribution of centriolar satellites were also undisturbed in centrobin-deficient 

cells, as indicated by PCM1 staining (Figure 3.9). 

 Figure 3.9: Localisation of centriole and centriolar satellite markers in wild-type 
hTERT-RPE1 and CNTROB null cells. 
A. IF microscopy stainings of indicated centriole and centriolar satellite proteins indicated in 
asynchonous wild-type and CNTROB KO cells. Scale bar, 5 µm, inset scale bar, 1 µm. B. A schematic 
diagram showing the localisation of different centrosomal proteins in a typical S-phase centrosome. It 
highlights the mother and daughter centrioles, procentrioles, intercentriolar linker, centriolar satellites, 
PCM and the appendages. 

 

Centrobin has been shown to play modulatory roles at the centrosome of both interphase and 

mitotic cells (Lee et al. 2010, Jeffery et al. 2013). To further understand the involvement of 

centrobin at these stages of the cell cycle, we cultured asynchronous hTERT-RPE1 and 

centrobin-deficient cells and visualised the localisation patterns of Cep135, CPAP, 

pericentrin, ninein, SDCCAG8 and α-tubulin in interphase (Figure 3.10) and mitotic (Figure 

3.11) cells. Cep135 and CPAP are core centrosomal proteins that participate in the centriole 

duplication process (Schmidt et al. 2009; Azimzadeh and Marshall, 2010; Gudi et al. 2014, 

2015). Interestingly, centrobin is known to regulate CPAP levels at the centrosome (Gudi et 

al. 2014, 2015). We also visualised the integrity and dynamics of the PCM through 
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pericentrin staining. The PCM serves as an essential hub for microtubule nucleation and 

organisation in interphase cells and during spindle assembly in mitotic cells. We observed no 

distortion in the localisation and distribution of this protein in our centrobin-disrupted cells. 

Next, we stained the cells with ninein, which marks subdistal appendages associated with 

mother centriole and SDCCAG8 marks the distal ends of both centrioles. Based on our 

immunofluorescence microscopy analysis, we detected no visible difference in the 

appearance of these centriole distal end markers in our centrobin-deficient interphase and 

mitotic cells.  

Figure 3.10: Loss of centrobin has no effect on localisation and composition of 
centrosomal proteins and alpha-tubulin in interphase CNTROB KO hTERT-RPE1 cells. 
Wild-type and centrobin-deficient cells were fixed and stained with antibodies to Cep135, CPAP, 
pericentrin, ninein, SDCCAG8 and α-tubulin (all in red), as indicated, centrobin or centrin2 (in green) 
and DNA in blue. Scale bars, 5 µm and inset scale bars, 1 µm. 
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Because centrobin interacts with tubulin, we examined the organisation of microtubules in 

our cell lines using antibodies against α-tubulin. We observed a more even distribution of 

microtubules emanating from the centrosome in our wild-type while centrobin-depleted cells 

appeared more disorganised, without any definite organisation at the centrosome (Figure 

3.10). While we observed minor difference in the tubulin conformation in interphase 

CNTROB null cells, we considered the possibility of this being a minor defect since our cells 

grow normally in culture. However, it might be interesting to look into microtubule 

repolymerisation/regrowth to determine the microtubule nucleating ability of  the centrosome 

in our knockout cells. 

Figure 3.11: Loss of centrobin has no effect on localisation and composition of 
centrosomal proteins and alpha-tubulin in mitotic CNTROB KO hTERT-RPE1 cells.  
Asynchronous wild-type and centrobin-deficient cells were fixed and stained with antibodies to 
Cep135, CPAP, pericentrin, ninein, SDCCAG8 and α-tubulin (all in red), as indicated, centrobin or 
centrin2 (in green) and DNA in blue. Scale bar, 5 µm and inset scale bar, 1 µm. 
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We next examined centrosomal/centriolar integrity in our wild-type and centrobin-deficient 

cells using electron microscopy (EM) to visualise the centrosome. Samples were prepared as 

described in section 2.3.7.4. We noticed no apparent anomaly in centrosome, appendages, 

microtubule nucleation and procentriole assembly in centrobin-deficient cells (Figure 3.12). 

Examples of centriole triplets, centrioles showing the mother centriole appendages and 

procentrioles are presented in Figure 3.12. This result recapitulates our observations by IF 

analysis. 

Figure 3.12: Centrobin-deficient cells show normal centrosome morphology 
Transmission electron microscopy of characteristic features of the centrioles. Structures such as 
microtubule triplets (MTT), appendages (yellow arrowheads), mother centriole (MC), daughter 
centriole (DC), and procentriole (PC) can be visualised. Scale bars, 500 nm. 

 

3.8 Centrobin-deficient cells show normal proliferation 

To ascertain that any phenotype observed as a result of loss of centrobin was indeed due to its 

absence and not an off-target effect, we generated centrobin rescue cell lines using the 

pCNTROB generated in section 3.5. Western blotting analysis of the clones picked after 14 

days under blasticidin selection shows variation in the level of centrobin re-expressed among 

stable centrobin-rescue clones (Figure 3.13A). After screening, we selected the rescue clone 

with centrobin expression level comparable to the wild-type (Figure 3.13A, clone 3) and this 

clone was selected for further experiments in this project. Using immunofluorescence 

microscopy, we also confirmed the re-expression of centrobin and its localisation to the 

centrosome in our centrobin-rescue cells (Figure 3.13B). 
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Figure 3.13: Stable re-expression of centrobin to generate rescue cell lines. 
A. Cell lysates from the indicated cell lines were analysed by western blotting using monoclonal 
antibody against centrobin. α-tubulin was monitored as a loading control. B. IF microscopy images of 
wild-type (WT), CNTROB knockout (KO) and centrobin rescue (Rescue) cells after immunostaining 
with antibodies that detect centrobin (green) and CP110 (red). Scale bar, 5 µm. 

 

Several studies using siRNA-mediated depletion of centrobin have reported defective 

centriole duplication and impaired cytokinesis (Zou et al. 2005, Lee et al. 2009, Song et al. 

2010, Jeffery et al. 2010). Knockdown of centrobin in a lung cancer cell line resulted in 

significant p53/p38-dependent G1/S cell cycle arrest (Song et al. 2010). Since centrobin-

deficient cells were viable in culture, we used proliferation and FACS analysis to detect any 

cell cycle aberrations in both CNTROB knockout and rescue cell lines. As shown in Figure 

3.14 and Appendix 3, the proliferation and cell cycle profile remained unaltered in both cell 

lines and the doubling times were comparable to the wild-type population. 
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Cell line Cell cycle stage (%) 
G1 S G2/M 

WT 55±7 18±4 21±5 
KO 58±5 19±1 18±3 
Rescue 57±6 23±1 14±4 

Cell line Doubling time 
WT 24.3±0.6 
KO 24.9±1.9 
Rescue 25.2±0.8 

Figure 3.14: Centrobin null and rescue cell lines show no proliferation defect. 
A. Cells were plated at 5x104 cells and counted at every 24 h for 96 h. N=at least 5 independent 
experiments and error bar indicates standard error of mean (SEM). No significant difference was 
observed between WT, KO and rescue cell line at any time point. B. Mean doubling time ± SEM for 
WT, KO and rescue cell line. No difference was observed among cell lines. C. Representative cell 
cycle profile of cells with indicated genotype analysed by FACS after staining with 20 µg/ml PI. D. 
Quantitation of the mean percentage ± SEM of cells in each stage of the cell cycle from three 
independent experiments where 10,000 cells were analysed per experiment per cell line. 

 

3.9 Centrobin-deficient cells show centriole duplication defects 

Centrobin has been previously reported as an essential centriole duplication factor (Zou et al. 

2005). Surprisingly, our IF and EM analysis showed no defect in the localisation, distribution 

or abundance of centrosomal proteins investigated in this study (section 3.7). However, using 

Cep135 and centrin3 as centriole markers, we observed an increase in the frequency of 

acentriolar and monocentriolar cells in our centrobin-deficient cells (Figure 3.15). The 

mechanism through which these acentric and monocentric cells undergo cell division remains 

unclear. To understand this, we attempted to generate wild-type and centrobin null cells 

stably expressing GFP-centrin1 and H2B-RFP, an approach that has been successfully used in 

our laboratory to monitor cell and centrosome duplication (Dodson et al. 2007). 

Unfortunately, we obtained no positive clones after screening >100 clones by 

immunofluorescence analysis (data not shown). Since transient transfection of both plasmids 

in U2OS cells showed robust expression of the proteins encoded by cDNA on the plasmids, 

we speculated that there was either strict regulation of both protein expressions in hTERT-

C
. 

A
. 

B. 

D. 
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RPE1 compared to the human carcinoma U2OS cells. This precluded us from carrying out 

live cell microscopy with GFP-centrin1 and H2B-RFP-expressing cells. 

 

Figure 3.15: Loss of centrobin results in defective centriole duplication. 
A. Representative IF micrograph of WT and CNTROB KO cells using antibody to centrin3 (green) and 
Cep135 (red). Note acentric and monocentric cells in CNTROB KO cells. Scale bar, 5 µm. B. 
Quantitation of number of centrioles per cell in 100 cells of 3 independent experiments. Bar graph 
represents mean ± SEM. 
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3.10 Discussion 

It is widely believed that most centrosome duplication processes and proteins are highly 

conserved at least among vertebrates (Strnad and Gönzy, 2008; Azimzadeh and Marshall, 

2010; Azimzadeh, 2014; Stearns and Fırat-Karalar, 2014). In this study, we provide 

bioinformatic analysis that supports the existence of high level of homology among the 

vertebrate centrobin orthologues. They share synteny and high degree of amino acid 

conservation that may be indicative of domain conservation and potentially conserved 

functionality. Our work also focused on the most studied centrobin isoform (alpha), although 

several other unconfirmed isoforms are available in the NCBI database. Proteomics and 

transcriptomics analyses of tissue-specific expression of centrobin show that the testis, a male 

organ with several tissue-specific proteins, has the highest expression level of centrobin while 

the endometrium has the second-highest level of expression (Fagerberg et al. 2014). 

However, centrobin is ubiquitously expressed (Fagerberg et al. 2014) and its expression levels 

fluctuate depending on the cell cycle stage (Zou et al. 2005). 

We also successfully generated a novel anti-centrobin monoclonal antibody using the very 

well-established hybridoma technology. The loss of centrobin signal after siRNA-mediated 

depletion and the absence of centrobin signal in our CNTROB KO hTERT-RPE1 cells 

confirmed the specificity of our antibody. Likewise, the antibody recognised exogenous 

centrobin expressed from plasmid constructs that were cloned in this study. Similar to 

published observations, we also show here that the overexpression of centrobin causes 

cytosolic aggregates that were later revealed to be due to its interaction with microtubules 

(Zou et al. 2005, Gudi et al. 2011). In agreement with our bioinformatics analysis showing a 

high degree of vertebrate of centrobin conservation, we found that our monoclonal anti-

centrobin antibody also detected its orthologue at the chicken centrosome and recognises 

Danio rerio centrobin but not the Drosophila equivalents by immunoblot (shown in Chapter 

4).  This also agrees with the low level of homology between human and Drosophila 

centrobin. 

siRNA-mediated depletion of centrosomal proteins has been widely used to delineate the 

sequential order of centrosome assembly and protein functions. It has been the tool used for 

investigating the roles of centrobin in the centrosome duplication process. To eliminate the 

possibilities of off-target effects, transient depletion and residual centrobin functionality that 

are often presented by siRNA, we used a more robust CRISPR/Cas9 technology for 

disrupting the human CNTROB locus. Interestingly, contradicting results have been observed 

for centrosomal proteins using CRISPR/Cas9 and siRNA technology. For example, in our 

laboratory, we have shown that siRNA mediated depletion of centriole linker, C-Nap1, affects 

ciliation capacity, which was unaffected in C-NAP1 knockout cells. Further investigation 



  Chapter 3 

 87 

   

carried out by transfecting the C-NAP1 knockout cells revealed an off-target effect of the 

siRNA resulting in defective ciliogenesis that was previously observed (Conroy et al. 2012, 

Flanagan et al. 2017). For the current study, we used two independent gRNAs targeting exons 

1 and 4, respectively, both of which successfully disrupted the CNTROB locus with similar 

targeting efficiency of approximately 10%. Reproducible phenotypes from our CNTROB KO 

clones with different mutations also confirm the authenticity of our reported phenotypes. 

Previous studies have shown that centrobin is required for centriole duplication, faithful 

cytokinesis and its loss may potentially impact cell viability (Zou et al. 2005; Gudi et al. 

2011, 2014; 2015). It has also been previously reported that centrobin depletion results in G1-

S cell cycle arrest depending on the p53 status; TP53 nulls did not induce cell cycle arrest 

when centrobin was lost (Song et al. 2010). In Drosophila, loss of centrobin in non-neuronal 

cells (such as ganglion mother cells) did not impact centriole assembly or cell proliferation 

(Januschke et al. 2013). Here, we observed no crucial defect on cell proliferation after 

centrobin ablation in non-transformed hTERT-RPE1. 

Centrobin is recruited to the daughter centriole in early G1/S-phase of the cell cycle when 

procentriole is being assembled (Zou et al. 2005). As a core component of the centrosome, it 

was necessary for us to carefully investigate the centrosome composition of our CNTROB 

KO. Surprisingly, our immunofluorescence microscopy analysis showed robust localisation 

of cartwheel, centriole linker, appendages and PCM proteins. For example, pericentrin, a 

PCM marker localises to interphase centrosomes, and as expected, we noticed an increase in 

PCM volume in mitotic cells. This observation and the localisation of maturation markers 

(Kizuna, Cep164 and ninein) are indicative of efficient centriole maturation in CNTROB KO 

cells. In agreement with the immunofluorescence microscopy, electron microscopy analysis 

also revealed normal procentriole assembly and localisation of mother centriole appendages 

to only the mother centriole in proliferating CNTROB KO hTERT-RPE1 cells. None of our 

TEM analysis or immunofluorescence microscopy of the centrioles showed appendage 

localisation to both centrioles in an individual centrosome. This contrasts with the observation 

in specialised Drosophila neuroblast and sensory neuronal cells where loss of centrobin 

confers mother centriole functionality on both centrioles (Januschke et al. 2013, Gottardo et 

al. 2015). Interestingly, daughter centriole conversion to mother centrioles in the absence of 

centrobin was not observed in other Drosophila cell types (Januschke et al. 2013). 

The integrity of the cartwheel component was revealed by the localisation of hSas6, Cep135 

and CPAP to the centrosome of CNTROB KO cells. Cep152 and hSas6 act upstream of 

centrobin and are crucial for centrobin’s recruitment during centriole biogenesis (Gudi et al. 

2011). Cep152 interacts with Cep63 to form a complex that co-regulates their localisation to 

the procentriole and is essential for effective timing of hSas6 recruitment for cartwheel 
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assembly (Brown et al. 2013). Despite the efficient recruitment of cartwheel proteins in 

centrobin-deficient cells and centrobin being one of the early proteins recruited during 

centriole biogenesis (Gudi et al. 2011), we also observed an increase in monocentric and 

acentric cells in the absence of centrobin. Further investigation into centriole duplication in 

our CNTROB KO would have facilitated our understanding of the mechanism through which 

our cells proliferate. Although not investigated in this study, based on the available literature, 

it can be imagined that disruption of Cep152-centrobin-hSas6 interaction may impact the 

kinetics, dynamics, and stability of cartwheel and procentriole assembly to result in the 

defective centriole duplication observed in our CNTROB KO, as was the case when Cep152-

Cep63 interaction was disrupted (Brown et al. 2013). 

Taken together, our data confirm centrobin as a centriole duplication factor that potentially 

affects the assembly kinetics and stability of the procentriole during centriole biogenesis. 

However, it is not essential for proper proliferation and cell viability in human cells. Since 

centrobin interacts with other centriolar proteins, the PCM and cartwheel proteins as well as 

with microtubules, we next investigated the roles of centrobin in centrosome functions such 

as ciliogenesis and the DNA damage response. These analyses are presented in chapters 4 and 

5, respectively. 
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4 Centrobin regulates primary ciliogenesis in vertebrate 
systems 

4.1 Introduction 

The centrosome is the major microtubule organising centre (MTOC) in animal somatic cells. 

It is composed of orthogonally arranged mother and daughter centrioles that are embedded in 

a proteinaceous PCM (Nigg and Raff, 2009; Mennella et al. 2014). The mother centriole 

carries the fibrous distal and sub-distal appendages which are required for plasma membrane 

docking, microtubule anchoring and making transition fibers during cilium formation 

(Sorokin, 1962; Nigg and Raff, 2009; Kobayashi and Dynlacht, 2011). 

Cilia are highly conserved sensory organelles that extend from the cell surface to the 

extracellular space. The existence of motile and primary (immotile) cilia has been well 

reported; most cell types have primary cilia (Pazour and Witman, 2003). Structurally, the core 

of the primary cilium, the axoneme, consists of nine doublet microtubules that are surrounded 

by a cilium-specific phospholipid membrane that is functionally different from the cell 

membrane, through its enrichment for signalling molecules and receptors (Pazour and 

Witman 2003, Kobayashi and Dynlacht 2011). Structural components are moved from the 

cell body to the cilium tip to allow for ciliary axoneme and membrane extension in a highly 

ordered process mediated by intraflagellar transport (IFT) proteins (Hsiao et al. 2012). To 

facilitate axoneme nucleation and extension, centrioles migrate and dock to the cell surface of 

non-proliferating G0/G1 cells and they are disassembled to allow for centriolar roles in 

mitotic spindle assembly when the cell cycle progresses. 

Primary cilia sense and transduce extracellular signals, such as Wnt and hedgehog, which are 

essential for cell development, differentiation and proliferation (Pazour and Witman 2003, 

Goetz and Anderson 2010). The importance of primary cilia in development and 

embryogenesis has been demonstrated experimentally in vertebrates where they are essential 

for viability, organogenesis and organ positioning (Huangfu et al. 2003; Goetz and Anderson, 

2010). Defects in primary cilium formation or activity cause a diverse range of human 

developmental disorders that particularly affect the kidney, eye, liver, brain and skeleton; they 

are collectively termed the ciliopathies (Huangfu et al. 2003; Pazour and Witman, 2003; 

Goetz and Anderson, 2010; Bettencourt-Dias et al. 2011). 

The mother centriole carries the appendages which play obvious roles in primary ciliogenesis 

(Delgehyr et al. 2005; Ishikawa et al. 2005; Graser et al. 2007; Daly et al. 2016).  The distal 

appendages promote membrane docking during mother centriole to basal body conversion, 

while the subdistal appendages become the basal feet that anchors microtubules.  Although 

the daughter centriole is still attached to the mother centriole carrying the cilium, its role in 
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primary cilium formation has not been well studied. The daughter centriole lacks both the 

distal and subdistal appendages, and interestingly, some proteins, such as centrobin, PARP-3, 

Neurl-4 and Cep120, have been shown to localise preferentially to the daughter centriole (Zou 

et al. 2005; Mahjoub et al. 2010; Li et al. 2012). 

Recently, there has been increasing interest in the role of daughter centrioles in ciliogenesis. 

For example, live cell super-resolution microscopy of mouse brain ependymal cells was used 

to show that the daughter centriole is essential for deuterosome formation which contributes 

at least 90% of the centrioles necessary for differentiation process in multiciliated cells and 

refuted the existence of a de novo pathway of centriole duplication (Al Jord et al. 2014). 

Neurl-4, a daughter centriole protein that prevents ectopic microtubule organisation and 

interacts with CP110, has been recently implicated in ciliogenesis. Neurl-4 transiently 

localises to the mother centriole during ciliogenesis and cells depleted of Neurl-4 showed 

defective CP110 removal for proper primary cilium assembly (Li et al. 2012; Loukil et al. 

2017). The cellular depletion of regulators of centrosome duplication factors such as CPAP, 

STIL, Cep152 and hSas6 causes ciliation defects (Wu and Tang, 2012; David et al. 2014; 

Loukil et al. 2017). Interestingly, monocentric cells carrying just the mother centrioles due to 

depletion of centriole duplication factors were unable to form cilia, thereby implicating 

daughter centrioles in proper cilia formation (Loukil et al. 2017). 

Centrobin’s preferential localisation to daughter centriole has been well described (Zou et al. 

2005, Jeong et al. 2007, Januschke et al. 2013). However, its localisation to both the mother 

and daughter centriole in mouse hippocampal neurons has also been reported (Shin et al. 

2015). Recently, the presence of a cytosolic pool of centrobin that functions in  microtubule 

nucleaction and stabilisation, independent of the centrosomal centrobin, has been 

demonstrated (Shin et al. 2015). Drosophila centrobin has been shown to inhibit ciliation 

capacity at the daughter centriole and that the loss of centrobin from sensory neurons enables 

the daughter centriole to act as a basal body (Gottardo et al. 2015). Interestingly, when 

pericentrin-AKAP450 centrosomal targeting (PACT) domain-labelled centrobin was used to 

force the expression of Drosophila centrobin to the mother centriole, it prevented mother 

centriole to basal body conversion (Gottardo et al. 2015). A role for centrobin in vertebrate 

ciliogenesis is unknown. However, rat hypodactylyl mutants have been shown to 

endogenously express C-terminal centrobin truncation mutant (Liska et al. 2009). These rats 

show skeletal abnormalities and male infertility due to problems in the assembly of the 

axoneme of the sperm flagellum, phenotypes related to ciliopathy (Liska et al. 2009, 2013). 

Interestingly, overexpression of full-length centrobin in these mutants rescues skeletal defects 

but not infertility (Liska et al. 2013). 
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 Centrobin and CPAP interact through their N-terminals (Wu and Tang 2012, Gudi et al. 

2014, Zheng et al. 2016) and the N-terminal of CPAP participates in both cilia assembly and 

disassembly (Wu and Tang 2012, Gabriel et al. 2016). CPAP was one of the first centrosomal 

proteins that was identified in the pathogenesis of microcephaly and Seckel syndrome (Bond 

et al. 2005, Wu and Tang 2012, McIntyre et al. 2012, Gabriel et al. 2016). Previous studies 

have shown that CPAP-tubulin interaction is crucial for regulating centriole and ciliary length 

in human cells (Wu and Tang, 2012; Zheng et al. 2016). Centrobin regulates cellular levels of 

CPAP through regulating its availability for proteosomal degradation, depending on the cell 

cycle stage (Gudi et al. 2014) and both centrobin and CPAP interact and stabilise tubulin. 

However, the relevance of centrobin-CPAP in primary cilia formation is still unknown. 

With the aim of clarifying the roles of centrobin in daughter centrioles’ contribution to 

ciliogenesis, we studied the impact of centrobin loss on the assembly, structure and function 

of primary cilia in the centrobin-deficient cells generated in previous chapter. We also 

investigated centrobin localisation pattern and the effect of increasing cellular centrobin 

levels. We also determined how the loss of centrobin affects cellular levels of CPAP and 

CP110 during ciliogenesis. The impact of centrobin loss on embryogenesis and organ 

patterning in zebrafish was also studied to determine the relevance of centrobin in cilium 

formation and functions in an entire organism. 

 

4.2 Dynamics of centrobin localisation in ciliated cells 

The first step in investigating centrobin in ciliogenesis was to determine its localisation 

dynamics in serum-starved hTERT-RPE1 cells. In proliferating cells, centrobin localises 

preferentially to the daughter centriole (Zou et al. 2005). In our study, we used Cep164, a 

distal appendage marker that is required for ciliogenesis, to mark the mother centriole. In 

asynchronous cell populations, we observed preferential centrobin localisation to the daughter 

centriole (Figure 4.1A). However, in ciliated populations, we observed an increase in mother 

centrioles that carried a small fraction of the centrobin signal (Figure 4.1B-C). In ciliated 

cells, mother centrioles were identified by the presence of primary cilium markers (IFT88, 

detyrosinated tubulin or ARL13B). Interestingly, the transient expression of GFP-centrobin in 

serum-starved hTERT-RPE1 cells showed the localisation of centrobin to the mother 

centriole (Figure 4.1B). Quantification of mother centrioles carrying centrobin signal, based 

on detyrosinated tubulin staining for the ciliary axoneme, revealed that in asynchronous cells, 

only 4% of mother centrioles carried a centrobin signal, which increased to 44% in serum-

starved populations (Figure 4.1C). These results are similar to previous observations of a 

daughter centriole-specific protein, Neurl-4, which transiently localises to the mother 
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centriole when ciliogenesis was induced in human epithelial and fibroblast cells (Loukil et al. 

2017). 

 

Figure 4.1: Centrobin localisation in ciliated and non-
ciliated cells 
hTERT RPE1 cells were fixed and stained with centrobin 
(green) and indicated antibodies (red). DNA was stained with 
Hoechst. Scale bars, 5 µm. A. Asynchronous. B. Serum-
starved. C. Histogram indicates the percent of mother 
centrioles (MC) with centrobin signal in both asynchronous 
(AS) and 24 h serum-starved (SS) cell populations. At least 
100 cells were counted per experiment and the results are 
shown as the mean ± SEM of three experiments. *, P<0.05 
using upaired t-test. 

 

4.3 Centrobin loss reduces ciliation frequency in human cells 

Primary cilia are microtubule-based antenna-like organelles that assemble after the docking of 

mother centriole to the plasma membrane. Centrobin has been previously identified as a 

negative regulator of ciliogenesis in Drosophila (Gottardo et al. 2015) but its role in 

vertebrate ciliogenesis has not been previously studied. We tested the impact of centrobin loss 

on the assembly of primary cilia, initially, using siRNA-mediated depletion of centrobin 

(Figure 4.2) and then in our centrobin null hTERT-RPE1 cell line (Figure 4.3).  

To first determine the impact of centrobin loss on primary cilium formation, we used RNAi to 

mediate protein knockdown and serum starvation to induce ciliogenesis in hTERT-RPE1 

cells. Immunoblot analysis showed significant reduction in cellular level of centrobin after 

siRNA treatment and ciliation induction (Figure 4.2A and B). Using ARL13B to mark the 

ciliary membrane, we observed a marked reduction in the number of cells with protruding 

ciliary membrane in centrobin-depleted cell populations. Occasionally, we observed ARL13B 

signals in cells with partial protein knockdown. After 24 h serum deprivation, we observed no 

significant difference in ciliation frequency between our controls (70-80%) but we observed 

<20% of ciliated cells after centrobin depletion. This result suggests that centrobin is required 
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for primary ciliogenesis and its complete or partial loss abrogates effective ciliogenesis. In 

contrast to the findings in Drosophila where centrobin negatively regulated ciliogenesis 

(Gottardo et al. 2015), our result aligns with published data that support the requirement of 

daughter centriole specific proteins in primary cilium formation in human cells (Loukil et al. 

2017). 

Figure 4.2: siRNA-mediated depletion of centrobin results in reduced frequency of cilia 
A. Schematic diagram indicating the experimental setup of siRNA mediated protein depletion followed 
by serum starvation. B. Representative western blot showing reduced centrobin levels of centrobin in 
siRNA and serum starved cells. siGAPDH was used as siRNA control while α-tubulin was used as a 
loading control. C. Representative immunofluorescence micrograph of mock, siGAPDH and 
siCNTROB. Ciliary membrane was stained with antibody against ARL13B (red).  Antibody to 
centrobin (green) was used to monitor its cellular level and DNA (blue) was stained with Hoechst. 
Scale bar, 5 µm, inset scale bar, 1 µm. D. Graph shows the percentage of ciliated cells from mock, 
siGAPDH and siCNTROB treated cell populations. Histogram depicts the mean ± SEM of 3 
independent repeats of which at least 100 cells were counted. **, P<0.01; in comparison to the 
siGAPDH control by unpaired t-test. 

 

To further establish that centrobin participates in the ciliogenesis pathway, we took advantage 

of our previously generated centrobin knockout and rescue cell lines (see section 3.6 and 3.8). 

The cells were serum-starved for 48 h and fixed for immunofluorescence microscopy. As 

shown in Figure 4.3A, immunofluorescence microscopy of serum-starved wild-type cells 

showed the presence of acetylated tubulin and ARL13B which mark the ciliary axoneme and 

ciliary membrane, respectively. In agreement with our previous siCNTROB observation, 
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centrobin null cells showed no ciliary structure as indicated by the absence of an ARL13B 

signal and a protruding axonemal acetylated tubulin signals. Interestingly, this ciliogenesis 

defect was rescued by stable (Figure 4.3A-B) and transient (data not shown) re-expression of 

centrobin in the centrobin null hTERT-RPE1 cell line. We quantified the percentages of 

ciliated cells and found significant reduction in cilia frequency in centrobin null cells (Figure 

4.3B). These data suggest a regulatory role for centrobin in the cilium formation pathway and 

that it is indeed a positive regulator of ciliogenesis in human cells. 

Figure 4.3: Centrobin is a positive regulator of ciliogenesis in human epithelial cells 
A. Immunofluorescence micrograph of wild-type, CNTROB KO and centrobin rescue clones after 48 h 
serum starvation and stained with antibodies to acetylated tubulin (red) and ARL13B (green). DNA 
was visualised with Hoechst (blue). Scale bar, 5 µm. B. Quantitation of ciliated cells in indicated cell 
lines after 48 h serum starvation. Histogram shows the mean ± SEM of 3 independent repeats of which 
at least 100 cells were counted. **, P<0.01; ***, P<0.001; in comparison to the indicated samples by 
unpaired t-test. 

 

4.4 Drosophilia centrobin supports human ciliogenesis 

During our investigation of centrobin involvement in ciliogenesis, a concurrent but 

independent study of Drosophila sensory neurons showed that depletion of Drosophila 

centrobin (Cnb) resulted in increased frequency of biciliated cells and its forced expression 

abrogated ciliation (Gottardo et al. 2015). We did not observe any biciliated cells in our 

CNTROB null hTERT-RPE1 population by immunofluorescence and electron microscopy.  

This difference between human and Drosophila centrobin may be due to significant 

divergence of centrobin in the two organisms (22.61% homology, see Figure 3.2) or the 

absence of appendage proteins in Drosophila. Interestingly, a divergence in cilia-dependent 

SHh signalling in mammals and Drosophila has also been previously reported (Varjosalo et 



  Chapter 4 

 95 

   

al. 2006). Here, we cloned Drosophila centrobin and investigated its ability to rescue 

ciliogenesis in  CNTROB null hTERT-RPE1 cells. 

4.4.1 Cloning and transient expression of Drosophila centrobin 

To determine if Drosophila and human centrobin share functional homology, we cloned 

Drosophila centrobin transcript A (NM_139423) in the into pEGFP-C1 vector (Drosophila 

mRNA was kindly gifted by Ms. Caitríona Collins). Although our cloning was successsful, 

the sequencing data revealed K388R, K503R and S614P mutations in the clone used. We 

decided to proceed with this plasmid in our rescue experiment.  First, we confirmed the 

expression and functionality of the protein by assessing its ability to localise to human 

centrosomes by transient transfection into U2OS cells. We used pericentrin, an integral 

component of the PCM, to mark the centrosome. As evident in the immunofluorescence 

microscopy image, both Drosophila (GFP-DCnb) and human (GFP-hCNTROB) centrobin 

localised to the human centrosome while the untreated (UT) cells lacked centrosomal signal 

(Figure 4.4A). This result shows that the centrosome localising signal present on the 

Drosophila centrobin was sufficient for localising the protein in human, and thus, may retain 

its functions and interactions with human centrosomal proteins.  
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Figure 4.4: Drosophila centrobin localises to centrosomes in human cells 
A. IF microscopy analysis confirming the expression and localisation of GFP-DCnb and GFP-
hCNTROB in U2OS using pericentrin (red) to mark the centrosome and DNA was visualised using 
Hoechst. Scale bar, 5µm and inset bar, 1 µm. B. Western blot analysis of overexpression of GFP-DCnb 
and GFP-hCNTROB in hTERT-RPE1 (R) and U2OS (U) 24 h post-transfection. Cell lysates were 
probed with GFP antibody or C. with anti-centrobin. Ponceau was used as loading control (Drosophila 
plasmid and western blots were prepared along with Ms. Gemma Hyland). 

 

We also analysed cell lysates of hTERT-RPE1 and U2OS cells that transiently expressed 

either GFP-DCnb or GFP-hCNTROB by western blotting using either GFP or centrobin 

antibody for visualising the protein (Figure 4.4B and C). We observed that both proteins were 

expressed in the two cell lines used in this experiment. They run at their respective predicted 

sizes of approximately 120 and 140 kDa respectively, when probed with antibody to the GFP-

tag. As expected, the untransfected cell lysates showed no visible band while other bands on 

the immunoblot may indicate mobility shift after protein modifications or degradation 

products from high expression levels of the protein (Figure 4.4B). Using our previously 

characterised antibody, we observed the expression of the 140 kDa GFP-centrobin in both 
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hTERT-RPE1 and U2OS cells, with U2OS having higher protein expression levels. Although 

the low level of the endogenous protein in the untransfected cells could not be seen on this 

western blot, the  very high expression level of degraded proteins makes it difficult to identify 

the endogenous protein (Figure 4.4C). Interestingly, our human anti-centrobin did not 

recognise the overexpressed Drosophila centrobin in any of the cell lines used. This result 

highlights the low protein sequence homology between centrobin in human and Drosophila 

and that the antigenic region used for our antibody was not conserved in Drosophila (Figure 

4.4C). 

4.4.2 Expression of Drosophila centrobin rescue ciliogenesis in hTERT-

RPE1 centrobin nulls 

We next explored the impact of Drosophila centrobin in human ciliogenesis using wild-type 

and centrobin null hTERT-RPE1 cells that were transiently transfected with GFP-hCNTROB, 

or GFP-DCnb, with empty GFP vector as a control. This was followed by serum starvation 

for 24 hours, staining for ARL13B to detect the ciliary membrane and staining for centrin3 to 

mark the basal body. We observed no significant difference in ciliation frequency after 

transfection of wild-type hTERT-RPE1 with GFP-DCnb or GFP-hCNTROB. Interestingly, 

both human and Drosophila centrobin rescued ciliogenesis in CNTROB null cells, suggesting 

that the regulatory role played by the protein varies with species (Figure 4.5). 

As previously discussed in section 4.4.1, the Drosophila centrobin is recruited to the human 

centrosome and may interact with human centriolar proteins and participate in human 

centriole functions such as ciliogenesis. Strikingly, cilia that were formed in the presence of 

both human and Drosophila centrobin were not structurally different, although it was possible 

that the functionality may not be fully restored. While the functionality of cilia formed when 

Drosophila centrobin was transiently expressed was not tested in this study, a previous report 

has shown the divergence of hedgehog signalling and phosphorylation in mouse and fly. The 

binding and reactivity of Drosophila smo in a mouse model did not have any effect on the 

SHh signalling pathway involving mouse Cos2 (Varjosalo et al. 2006). However, our result 

clearly implicates the functionality of Drosophila centrobin in the human primary cilium 

assembly. 
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Figure 4.5: Drosophila centrobin rescues ciliogenesis in centrobin null hTERT-RPE1 
cells 
A. Immunofluorescence micrograph of wild-type and CNTROB KO stained with centrin3 (magenta), 
ARL13B (red), GFP signal (green) and DNA was visualised with Hoechst (blue). Scale bar, 5 µm, 
inset bar, 1 µm B. Quantitation of percentage of ciliated cells in wild-type and CNTROB KO based on 
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ARL13B signal. Histogram shows mean ± SEM of 3 separate experiments in which at least 100 cells 
were counted. **, P<0.01; in comparison to the indicated samples by unpaired t-test. 

 

4.5 Zebrafish centrobin acts as a positive regulator of ciliogenesis 

Most centrosomal proteins are highly conserved for their structural and functional properties 

(reviewed by Carvalho-Santos et al. 2011). The centrioles play dual roles, as core of the 

centrosome where they contribute to forming the mitotic spindle, and as basal body that 

template the primary cilium. The primary cilium serves important sensory functions during 

embryonic development and organ homeostasis that can be modeled in zebrafish embryos. 

The Kupffer’s vesicle (KV) in zebrafish embryos is essential for left-right symmetry through 

modulating fluid movement (Kramer-Zucker et al. 2005). Defective primary cilium structure 

and function has been linked to diseases such as PKD, blindness and skeletal deformation in 

vertebrates (Kramer-Zucker et al. 2005, Goetz and Anderson 2010, Bettencourt-Dias et al. 

2011, McIntyre et al. 2012). To investigate the consequences of centrobin ablation on 

vertebrate development and organogenesis, we first determined centrobin sequence using 5’ 

RACE followed by morpholino-mediated depletion of centrobin in zebrafish embryos. 

4.5.1 5’RACE, homology and sequence analysis of zebrafish centrobin 

To identify zebrafish centrobin coding sequence, we performed a 5’ RACE experiment using 

a Roche 5’/3’ RACE kit. The reverse primers used were designed to regions of high 

conservation between human and predicted Clupea harengus (XP_01267307.1) and Salmo 

salar (XP_014051132.1) centrobin sequences and are indicated as GSP1, 2, 3 or 4 with red, 

brown, blue or teal arrows, respectively (Figure 4.6). The primers were designed based on our 

analysis of the transcriptome and expressed sequence tag (EST) databases. Table 4.1 shows 

zebrafish ESTs cloned from different zebrafish tissues and their homology to the human 

centrobin isoform alpha. These sequences helped in effective planning of the 5’ RACE 

experiment. 

Table 4.1: Zebrafish ESTs used in this study and their homology to the human 
centrobin alpha using tblastn for 2 sequences. 
EST reference Tissue Origin Coverage (%) to 

human CNTROB 
Identities (%)to 
human CNTROB 

CT670105.2 Myoblast 22 31 

CO356610.1 Adult testis 20 47 

CT682788.2 Myoblast 15 53 

EB909336.1 Testis 10 45 

CK697594.1 Whole embryo 13 42 
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The DNA sequence obtained from the 5’ RACE experiment with zebrafish mRNA 

(approximately 500 bp) showed a potential start codon with an in-frame upstream stop codon, 

which is consistent with the EST database (Figure 4.6A). Using the obtained 5’RACE 

sequences to design a forward primer and the EST database to predict the stop codon, we 

successfully used RT-PCR to clone 2610 bp full-length centrobin from zebrafish embryo 

cDNA. This was cloned in two fragments of approximately 1900 and 1600 bp, respectively 

(Figure 4.6B) that were assembled into pGEM-T-easy and sequenced. We confirmed that the 

sequence obtained matched the previously analysed ESTs in the NCBI database. Based on 

Clustalw omega estimation of sequence homology, zebrafish and human centrobin share 

approximately 39% homology and regions with high sequence homology are highlighted in 

yellow (Figure 4.6C). 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Human and zebrafish centrobin share high protein sequence identity.  
A. 5’ RACE product (approximately 500 bp) amplified using 5’/3’ Roche kit primers and GSP 2,3 and 
4. B. PCR amplification of full-length centrobin from zebrafish embryo cDNA in 2 fragments of 

GSP1	

GSP2	

GSP3	

GSP4	



  Chapter 4 

 101 

   

approximately 1900 and 1600 bp that we assembled into pGEM-T-Easy. C. Sequence alignment of 
human and zebrafish centrobin. The highlighted regions indicated high similarity. The red, brown, blue 
and teal are the regions to which primers GSP1-4 for 5’ RACE were designed; * indicates the same 
amino acid, : indicates amino acids with similar side chains; . indicates amino acids with similar 
charge. 

 

4.5.2 Zebrafish centrobin controls effective primary cilium formation 

Having confirmed the zebrafish centrobin sequence, we subsequently designed two 

independent antisense morpholino oligonucleotides (MOs) against the ATG and the 5’UTR 

(MO1 and MO2, respectively) to mediate the knockdown of centrobin. We confirmed the 

efficacy of the MO by immunoblot analysis of centrobin levels after injecting the embryo 

with with standard MO control or centrobin MO (Figure 4.7A). In contrast to the Drosophila 

centrobin (Figure 4.4C), the zebrafish centrobin was detected by our monoclonal anti- human 

centrobin (6D4F4) antibody. This implies a closer homology between the zebrafish and 

human centrobin, especially in the antigenic region to which the monoclonal antibody was 

raised. Zebrafish centrobin contains 869 aa and has a predicted molecular weight of 

approximately 96 kDa. However, it runs at approximately 150 kDa on a SDS-PAGE which is 

higher than its predicted size and the human centrobin (903 aa). This may be due to different 

post-translational modifications and acidic amino acid content that result in a mobility 

shift.The reduced centrobin level resulted in a significant decline in the number and length of 

cilia in the Kupffer’s vesicle (KV) (Figure 4.7B-C). A representative immunofluorescence 

confocal microscopy stack showing cilia of the KV is shown in Figure 4.7B. Consistent with 

our previous observation in human cells in which centrobin was required for ciliogenesis, 

these data suggest that centrobin is indeed a positive regulator of ciliogenesis in vertebrates, 

distinct from its function in Drosophila. 
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Figure 4.7: Loss of zebrafish centrobin results in reduced cilia frequency and length 
A. Reduced level of zebrafish centrobin after MO treatment was confirmed by Immunoblot analysis of 
deyolked zebrafish embryo 24 h post fertilisation (hpf). α-tubulin was used as a loading control. B. 
Cilia in the Kupffer’s vesicle (KV) were visualised by immunofluorescence microscopy staining of 
acetylated tubulin in 8 somite stage (ss) zebrafish embryos injected with standard control MO (CTRL 
MO) or MO targeting the translation start site of centrobin (Cntrob MO). Scale bar, 10 µm. C. Bar 
charts represent the quantification and statistical analysis of ciliation frequency and length in KV after 
injection with the indicated MOs at 8-ss stage. Graph shows the mean ± SEM of 4 independent 
experiments in which 40 CTRL MO and 33 Cntrob MO-treated KVs based on acetylated tubulin 
staining. 1067 and 750 cilia were measured in CTRL MO and Cntrob MO, respectively. Statistical 
analysis was performed using unpaired t-test. *, P<0.01; ****, P<0.0001 (Confocal images and 
quantifications was carried out by Dr. Teresa Casar Tena). 

 

4.5.3 Loss of zebrafish centrobin results in microcephaly-like phenotypes 

 During embryo development, the primary and motile cilia transmit and receive extracellular 

signals for signalling pathways such as wnt and SHh. Defective cilia integrity results in a 

range of  developmental disorders known as ciliopathies (Bettencourt-Dias et al. 2011). 

Ciliopathies cause abnormalities in kidney, brain, heart, retina, liver and kidney and body 

growth. A large cohort of core centrosome and centrosome-associated  proteins have been 

implicated in the pathogenesis of ciliopathy (Otto et al. 2010, Keryer et al. 2011, Chaki et al. 

2012, Izawa et al. 2015). Centrobin interaction with CPAP/CENPJ, a known centrosomal 

protein that is involved in microcephalic primordial dwarfism disorder and Seckel syndrome, 

has been previously reported (Bond et al. 2005, McIntyre et al. 2012, Gudi et al. 2014). 

Significantly, rat hypodactyly (hd) mutants with truncated centrobin have skeletal deformities 

and male sterility that result from defective sperm flagellar axoneme (Liška et al. 2009; Liška 

et al. 2013). However, the exact involvement of centrobin in ciliogenesis or ciliopathy 

pathogenesis has not been defined. 

Using cntrob MO-mediated depletion in zebrafish embryo, we found that loss of centrobin 

results in morphological abnormalities such as smaller heads and eyes, increased frequency of 
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pericardiac edema and defective otolith seeding with shorter and aberrantly curved bodies 

(Figure 4.8 A and B). These developmental phenotypes are reminescent of those observed in 

zebrafish depleted of intraflagellar transport (IFT) proteins (Kramer-Zucker et al. 2005). 

Consistent with our previous observation of reduced ciliation frequency in the absence of 

centrobin in human cells and zebrafish embryo, we also have data that support that loss of 

centrobin results in significant increase in frequency of embryo with microcephaly/ciliopathy 

defects. Interestingly, these phenotypes were reproducible using the two independent MOs 

(data for one MO at a time are shown here, for the second MO, see Appendix 4) and these 

data also support our hypothesis of centrobin being a positive regulator of ciliogenesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Morphological aberrations in centrobin-deficient zebrafish embryos 
A. Live images of zebrafish embryos at 24 hpf. Embryos analysed were either non-injected, injected 
with CTRL MO or cntrob MO2 respectively. Arrowheads indicate morphological abnormalities. Scale 
bars, 500 µm. B. Graphical representations of frequencies of morphological abnormalities observed in 
either non-injected, injected with CTRL MO or cntrob MO2 zebrafish embryos. Number of 
independent experiments (N) and embryos observed (n) are indicated below each graph. Bar charts 
represent mean ± SEM. and statistical analysis was performed by one-way ANOVA. *, P<0.5; **, 
P<0.01; ****, P<0.0001 (These zebrafish experiments and quantifications were preformed by Dr. 
Teresa Casar Tena). 
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4.5.4 Centrobin regulates normal organogenesis in zebrafish 

To gain further insight into the consequences of cntrob loss in zebrafish, we examined the 

laterality defects that are frequently observed when cilia are dysfunctional. We assayed for 

the expression of southpaw (spaw), a highly conserved left-right nodal-related gene. During 

the early stage of zebrafish embryogenesis, spaw is selectively expressed in the left lateral 

plate mesoderm but mislocalises when ciliary integrity is compromised (Long et al. 2003). 

From our analysis, we observed a significant increase in the frequency of cntrob morphant 

embryos with right-sided or bilateral spaw expression compared to non-injected or CTRL MO 

(Figure 4.9), in which spaw was mainly restricted to the left lateral plate mesoderm. 

Significantly, 40% of Cntrob morphant embryos lacked spaw expression compared to only 

2% in the non-injected or CTRL MO (Figure 4.9B).  

  

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Laterality defect revealed by spaw randomisation in zebrafish centrobin 
morphant embryos. 
A. WMISH micrographs showing localisation of spaw (purple) in the lateral plate mesoderm of 22-ss 
non-injected, CTRL MO or cntrob MO injected zebrafish embryo. Scale bars, 100 µm. B. Bar charts 
showing percentage of embryo with absent, bilateral, right and left spaw expression after indicated 
treatments. Four independent experiments were carried out and n=183-213 zebrafish embryos. Fisher’s 
exact statistical test was used, ****. P < 0.0001; (The zebrafish experiments and quantifications were 
performed in collaboration with Dr. Teresa Casar Tena). 
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To substantiate the importance of centrobin in organogenesis, we analysed heart and pancreas 

development in zebrafish embryos. During normal vertebrate embryo development, cardiac 

looping occurs in such a way that the ventricle (‘V’) lies to the left of the atrium (‘A’) 

(‘Correct’) (Figure 4.10). Impairment of cilia structure and function has been associated with 

aberrant (inverse) or lack (no loop) of heart looping. Using WMISH to visualise cardiac 

myosin light-chain 2 (cmcl2), during heart looping in cntrob morphants and control zebrafish 

embryos, we observed a significant increase in the frequency of inversely looped and no loop 

heart morphology in cntrob-deficient embryos (Figure 4.10B). To further establish the 

specificity of the MOs used in this study, we performed rescue experiments by co-injection of 

capped mRNA made in vitro from zebrafish cntrob cDNA (section 4.5.1). Importantly, the 

expression of Cntrob mRNA in zebrafish embryo did not affect the heart looping process 

(Figure 4.10B). However, co-injection of MO-resistant mRNA and cntrob MO rescued the 

cardiac defect morphology phenotype. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Impaired cardiac looping in cntrob-deficient embryos  
A. Representative WMISH micrographs showing localisation of cmcl2 (purple) in the lateral plate 
mesoderm of non-injected, CTRL MO or cntrob MO injected zebrafish embryos. Scale bar, 100 µm. B. 
Bar charts showing percentages of embryo with inverse, no loop and correct cardiac loop in non-
injected zebrafish heart or after indicated treatment. cntrob RNA or Cntrob MO+RNA. Four 
independent experiments were carried out and n=at least 127 zebrafish embryos. Fisher’s exact 
statistical test was used, ****. P < 0.0001, **. P < 0.01; (These zebrafish experiments and 
quantifications were performed by Dr. Teresa Casar Tena; Yetunde Adesanya generated pGEM-cntrob 
cDNA for in vitro transcription of cntrob mRNA used in this experiment). 
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Similarly, we monitored abdominal organ development by assessing the localisation of 

insulin-producing pancreatic β-cells using insulin as a marker in WMISH experiments. 

During zebrafish morphogenesis, the looping of the gut causes the pancreas precursor cells to 

localise to the right side of the lateral plate mesoderm in a a highly coordinated process 

known as ‘pancreatogenesis’ (Kinkel et al. 2008, Diiorio et al. 2014). Abnormal ciliogenesis 

leads to mislocalisation of these insulin-producing pancreatic  β-cells; usually abnormally 

located on the left. Consistently, we observed a significantly increased frequency of 

abberantly localised insulin signals in cntrob-deficient cells (Figure 4.11). Again, we 

performed rescue experiments. The expression of cntrob mRNA in zebrafish embryos did not 

affect the pancreatic insulin localisation to the right (Figure 4.11B). However, co-injection of 

MO-resistant mRNA with cntrob MO rescued the correct (right) localisation of pancreatic 

insulin precursor cells. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: Increased pancreas mislocalisation in cntrob deficient embryos 
A. WMISH micrographs showing localisation of ins (purple) in the lateral plate mesoderm of non-
injected, CTRL MO or cntrob MO injected zebrafish embryo. Scale bars, 100 µm. B. Bar charts 
represent percentages of embryo with right or left zebrafish pancreas localisation after indicated 
treatments. Four independent experiments were carried out and n=at least 127 zebrafish embryos. 
Fisher’s exact statistical test was used, ****. P < 0.0001, **. P = 0.0105; (All zebrafish experiments 
and quantifications were performed by Dr. Teresa Casar Tena; Yetunde Adesanya generated pGEM-
cntrob cDNA for in vitro transcription of cntrob mRNA used in this experiment). 

 

 



  Chapter 4 

 107 

   

Collectively, these data show that depletion of Cntrob in zebrafish results in morphological 

features that are typical of cilia dysfunction. As a result of ciliary defect, we observed a 

significant increase in organ mislocalisation, an indication of embryonic developmental 

defects. Together, our analysis of centrobin deficiency in human cells and zebrafish embryos 

demonstrate that centrobin is required for effective ciliogenesis and cilium function in 

different vertebrate species. 

 

4.6 Ultrastructural analysis of primary cilia in centrobin null cells 

As previously described, ciliogenesis is a highly ordered, multi-stage process. At the initial 

stage, the centrosome migrates and docks to the plasma membrane through the interaction of 

the distal and subdistal appendages to the ciliary vesicle. This is then followed by the 

invagination of the plasma/ciliary membrane to form the ciliary pocket and the extension of 

microtubule-based, axoneme which protrudes from the surface of the cell. IFT is responsible 

for continued elongation of axonemal ciliary structures. To determine the impact of centrobin 

loss on ciliary ultrastructure, we examined ciliary ultrastructure by TEM analysis after 48 h of 

serum withdrawal. As shown in Figure 4.12, electron microscopy of 6/7 docked centrioles 

revealed that the mother centrioles in centrobin-deficient cells were able to dock to the ciliary 

vesicle and that defective ciliogenesis resulted from failed axoneme extension from the ciliary 

bud, leaving the nascent cilia in the ‘mushroom’ stage of cilium formation (Sorokin 1962). 

 

 
 

 

 

 

 

 

 

Figure 4.12: Centrobin deficient centrioles dock to ciliary vesicle but fail to extend their 
axoneme. 
Top panel: Transmission electron micrographs of cilia in wild-type and centrobin-deficient hTERT-
RPE1 cells after 48 h serum starvation.  Scale bars, 500 nm. Bottom panel: show corresponding 
drawings to facilitate TEM data interpretation. Coloured shapes represent the structures defined in the 
corresponding text. 
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4.7 Centrobin, CP110 and ciliogenesis 

Upon identifying centrobin as a positive regulator of vertebrate ciliogenesis, it was imperative 

that we understand the molecular mechanisms through which centrobin participates in this 

process. CP110 and its interacting partner, Cep97, localise to the distal end of centrioles 

where they regulate centriole length during centriole replication (Spektor et al. 2007, Schmidt 

et al. 2009). At an early stage of ciliogenesis, Cep164 recruits the protein kinase, TTBK2, to 

the mother centriole to mediate CP110 removal (Spektor et al. 2007, Goetz et al. 2012). Here, 

we first tested if centrobin depletion influences CP110 protein level during ciliogenesis. We 

then established novel interactions between CP110 and centrobin and mapped the interacting 

region. 

4.7.1 Centrobin loss results in accumulation of negative regulators of 

ciliation 

Using immunofluorescence microscopy, we monitored the distribution of negative regulators 

of cilia formation, CP110 and Cep97 in our centrobin knockout cells after serum starvation. 

We observed that in approximately 77% of serum-starved wild-type cells, CP110 and Cep97 

signals were lost from the mother centriole carrying primary cilia (stained with acetylated 

tubuln), the signals were only detected on the daughter centriole (Figure 4.13A). In contrast, 

we observed aberrant localisation of CP110 and its interacting partner, Cep97, at the 

centrosome in 72% of serum-starved centrobin knockout cells (Figure 4.13A), which is 

indicative of the stabilisation of these protein complexes at the centrosome. 

The presence of aberrantly-retained CP110/Cep97 complex has been reported in CETN2-

deficient cells. However, siRNA mediated knockdown of CP110 was sufficient to rescue 

ciliation (Prosser and Morrison 2015). To determine whether the ciliary defect in centrobin 

nulls was exclusively due to CP110 dysregulation, we carried out siRNA-mediated depleting 

of CP110 in serum-starved wild-type hTERT-RPE1 and CNTROB KO. We confirmed the 

efficacy of siRNA knockdown of CP110 by immunofluorescence microscopy (Figure 4.13B) 

and western blotting of the total cell lysate (Figure 4.13C). Consistent with our observation of 

CP110 retention after serum starvation, we noticed the persistence of CP110 in mock and 

GAPDH knockdown controls after serum starvation of CNTROB nulls relative to the wild-

type counterpart (Figure 4.13C). As shown in Figure 4.13D, there was no apparent difference 

in the ciliation frequencies of serum-starved wild-type treated cells, in CNTROB nulls, CP110 

depletion resulted in partial rescue of ciliogenesis which was statistically significant when 

compared to CNTROB null mock-treated cells, but not to GAPDH knockdown controls 

(Figure 4.13D). Consistent with previously published findings that implicate centrobin in 

appropriate CP110 localisation during centriole duplication and elongation (Gudi et al. 2011), 
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these results show that centrobin regulates CP110 and that its stabilisation at the mother 

centriole contributes to defective ciliogenesis in centrobin-deficient cells. It is possible that 

centrobin regulates other processes during ciliogenesis; for example, its interaction with and 

stabilisation of tubulin have been reported (Gudi et al. 2011). This interaction may also be 

relevant to effective cilia assembly and extension. 

Figure 4.13: CP110 stabilisation at the mother centriole partly contribute to ciliogenesis 
defects in centrobin-deficient cells 
A. Immunofluorescence micrograph of localisation of the negative regulators of ciliogenesis, CP110 
and Cep97 in wild-type (WT) and CNTROB KO after 48 h serum deprivation. Antibodies against 
CP110 (green), Cep97 (red) and acetylated tubulin (magenta) were used for protein visualisation. 
Hoechst was used for visualising the DNA (blue). Scale bar, 5 µm, inset bar, 1µm. B. 
Immunofluorescence microscopy images confirming that CP110 depletion partially rescues cilia 
formation in CNTROB knockout cells. Antibodies to CP110 (red) and acetylated tubulin (green) were 
used for visualisation. Scale bar, 5 µm. C. Immunoblot confirmation of CP110 depletion in 
asynchronous and serum-starved wild-type and CNTROB KO cells after transfection with mock (M), 
siGAPDH (G) or siCP110 (C); Ponceau was used as loading control. D. Quantitation of the percentage 
of ciliated cells ± SEM. for serum-starved cells from C. *, P<0.01 using Student’s t-test. 
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4.7.2 Centrobin interacts with CP110  

We sought to determine if centrobin directly interacts with CP110 to modulate its activities. 

For this, we used co-immunoprecipitation for both the endogenous proteins to establish an 

interaction. First, using our centrobin knockout cell as negative control, we performed 

immunoprecipitation using our anti-centrobin antibody and confirmed that centrobin and 

CP110 interact in vivo (Figure 4.14A). Reciprocally, CP110 antibody immunoprecipitated 

endogenous centrobin in hTERT-RPE1 cell extracts, also confirming strong interaction 

between both proteins (Figure 4.14B). In agreement with the co-immunoprecipitation 

experiments, we also used an independent technique, a proximity ligation assay (PLA), to 

confirm interaction between CP110 and centrobin. PLA uses O-link detection system that 

relies on secondary antibodies that are conjugated with complementary nucleotides. In this 

technique, oligonucleotide tails within 40 nm distance are annealed and amplified to produce 

detectable fluorochrome signals. Here, red spots are indicative of interaction; centrobin 

knockout cells were used as negative control while established interaction between centrobin 

and CPAP/CENPJ was used as positive control (Figure 4.14C-D) (Gudi et al. 2014). We 

quantified the number of cells with > 3 red foci and observed 86% in wild-type and 13% in 

centrobin-deficient cells. We noticed 78% interaction-positive cells in our positive controls, 

indicating that CPAP and centrobin interact. 

To map CP110-binding regions within the centrobin protein, HCT116 cells were transfected 

with GFP-centrobin fragments spanning residues 1-364 or 365-903 prior to 

immunoprecipitation of endogenous CP110. As shown in Figure 4.15D, immunoprecipitation 

with CP110 isolated centrobin fragment 365-903 but not 1-364. These observations confirm 

the interaction between centrobin and CP110, and the C-terminal fragment of centrobin 

robustly and specifically binds endogenous CP110.  
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Figure 4.14: Centrobin directly interacts with CP110 via its C-terminal 
A. Co-immunoprecipitation of centrobin and CP110 from hTERT-RPE1 cell lysate. Centrobin was 
immunoprecipitated using our novel moAb described in section 2.5.6 and CNTROB knockout (KO) 
cells were used as the negative control. Western blotting was performed using anti-centrobin and anti-
CP110 antibodies. B. Reciprocal co-immunoprecipitation of CP110 and centrobin from hTERT-RPE1 
cell lysate. CP110 was immunoprecipitated as previously described with α-rabbit IgG used as the 
negative immunoprecipitation control. Western blotting was performed using anti-CP110 and anti-
centrobin antibodies. WT-wild-type, FT-flow through, W1 –wash 1, W3-wash 3. C. Proximity ligation 
assay using centrobin and CP110 or centrobin and CPAP as primary antibodies. Red foci indicate close 
proximity (<40 nm) of secondary conjugated antibodies. CNTROB KO cells were used as the negative 
controls and centrobin and CPAP interaction in wild-type cells were used as positive control (Gudi et 
al. 2014). D. Western blot showing the interaction of CP110 with GFP-centrobin fragments. Cell 
lysates of HCT116 transfected with GFP-centrobin fragment 1-364 aa or 365-903 aa expression 
vectors. Immunoprecipitation was again performed, as previously described, with anti-CP110 antibody 
and western blotting was performed using anti-CP110 and anti-GFP antibodies. 

 

4.8 Mapping of the centrobin region required for ciliation 

To explore the regions of centrobin that are necessary and sufficient for ciliogenesis, we 

dissected the 903 amino acid protein based on its known interactions as depicted in Figure 

4.15A. The regions that interact with the essential centriole duplication and elongation 

proteins, Cep152 and CPAP, have been mapped to the amino-terminal 1-364 aa while the 

centrosome localising signal (CLS) and the tubulin-binding domain were mapped to the 

carboxy-terminal 765-903 aa (Gudi et al. 2014, 2015). The indicated fragments (Figure 

4.15A) were cloned into GFP expression vectors; successful expression of these fragments 

was monitored by western blotting (Figure 4.15B). To map the regions of centrobin required 

for ciliogenesis, these expression constructs were transiently expressed in our centrobin-

deficient cells. After inducing ciliogenesis, cells were prepared for immunofluorescence 
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microscopy to assess the impact on ciliation frequency. As previously observed, GFP-tagged 

full-length centrobin localised to the centrosome (section 3.5), it also localised to the basal 

body and axoneme of CNTROB nulls. Notably, its expression rescued ciliogenesis (Figure 

4.15C-D). Interestingly, we observed that GFP-centrobin fragment 765-903 localised to the 

centrosome but was not sufficient for ciliogenesis. The expression of GFP centrobin fragment 

452-903 was sufficient to rescue ciliogenesis and was the minimal C-terminal fragment 

required for ciliogenesis (Figure 4.15C-D). Consistent with previously reported observation 

of C-terminal centrobin fragments localising to microtubule bundles (Jeong et al. 2007, Gudi 

et al. 2011), the 365-903 and 452-903 fragments also localised to microtubule bundles and 

formed cytosolic aggregates (Figure 4.15D). These data show that the N-terminal CEP152 

and CPAP binding region of centrobin is not necessary for ciliogenesis. 
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Figure 4.15: Deletion analysis shows that the N-terminal CPAP-binding region of 
centrobin is dispensable for ciliogenesis  
A. Schematic of deletion analysis performed on centrobin. The regions required for centrosomal 
localisation and interaction with CPAP, Cep152 and tubulin are shown. B. Immunoblot showing 
expression of GFP-tagged fragments at 24 h after transfection in HCT116 cells. Control (UT) lane 
contains lysate from untransfected cells. Due to the low expression of full-length GFP-Centrobin (1-
903), 200 µg total cell extracts of full-length was loaded on the gel while 20 µg of cell lysates from the 
fragments transfections were loaded. C. Immunofluorescence micrographs of CNTROB knockout after 
transient expression of GFP-tagged centrobin fragments. GFP localisation was visualised in green and 
antibodies against ARL13B (red), centrin2 (magenta) were used for visualisation. Hoechst was used for 
visualising the DNA (blue). The same order was used for all single channels in the blow-ups. Scale bar, 
5 µm. D. Quantification of the frequency of primary cilia in CNTROB null cells transfected and serum-
starved after 24 h. Counts were based on ARL13B staining of 100 transfected cells in 3 independent 
experiments. *, P<0.05; **, P<0.01; ***, P<0.001; ns = non-significant in comparison to full-length 
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rescue using one-way ANOVA and Tukey's multiple comparison test. nsp= non-specific band 
(CNTROB fragments were generated along with Mr. Kambe Takanari). 

 

4.9 Roles of centrobin in ciliary assembly 

4.9.1 Centrobin may participate in ciliary IFT transport assembly 

Primary cilia are essential organelles in the hedgehog signal transduction pathway. 

Smoothened (Smo) is a highly conserved seven-transmembrane protein that relocalises to the 

primary cilium and transduces signals in response to SHh activation (Corbit et al. 2005, Goetz 

and Anderson 2010). To determine the functionality of the primary cilia in the residual cilia 

present in our CNTROB knockout cell population, we examined the responsiveness of these 

cilia to external chemical stimuli. We carried out immunofluorescence microscopy analysis of 

primary cilia translocation of Smo after SHh activation with smoothened agonist (SAG). In 

the presence of SHh ligand, we observed the translocalisation of Smo signal to 80% of SHh 

treated cilia in hTERT-RPE1 compared to only 23% SHh treated cilia in centrobin knockout 

cells. As shown in Figure 4.16, assessment of the localised Smo signal in centrobin deficient 

cells showed reduced localisation of Smo to the primary cilium. Consistent with the 

ciliogenesis defect where cells lose the ability to extend the axoneme, this result shows the 

possibility of signalling defects as a consequence of defective IFT in the absence of centrobin. 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: Defective smoothened localisation in residual ciliated centrobin null cells 
Immunofluorescence microscopy analysis of Smoothened (Smo) in serum-starved cells after 4 h 
treatment with 100 mM SAG in hTERT-RPE1 and CNTROB KO cells. Scale bar, 1 µm; n=30 ciliated 
cells; N=1.  
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4.9.2 Overexpression of centrobin causes ARL13B protrusions 

The overexpression of centrobin has been previously reported to result in cytosolic 

aggregates, microtubule bundling (Lee et al. 2009) and abnormally long centriole-like 

structures in cycling human cells (Gudi et al. 2011). Furthermore, it rescues limb 

malformation in hypodactylous rats (Liška et al. 2013). We have also shown that centrobin 

drives ciliogenesis positively. However, the impact of its overexpression in ciliated cells has 

not been reported. Therefore, we transiently overexpressed full-length CNTROB cDNA in 

hTERT-RPE1 cells to investigate the role of centrobin in human cilium assembly. Despite the 

low transfection and expression levels in hTERT-RPE1, after 24 h serum deprivation, we 

observed that elevated centrobin levels at the basal body resulted in ciliary membrane 

protrusions as visualised with ARL13B (Figure 4.17). We observed the ARL13B protrusions 

on 35% of the total cell population compared to only 4% in the empty vector control cells. 

These bulges were observed at random positions along the length of primary cilium and are 

reminenscent of those observed in ARL13B-overexpressing human cells and zebrafish 

embryos monitored by immunofluorescence and live cell imaging (Lu et al. 2015a). 

According to Lu et al. these membrane protrusions were formed prior to significant increase 

in length of cilia as a result of an increase in the production of membrane domain that 

migrates to the ciliary tip of transfected cells. Hence, this striking observation also agrees 

with our earlier observations that centrobin is a positive regulator of ciliogenesis in 

vertebrates and may mediate its effect through IFT. 

Figure 4.17: Overexpression of centrobin causes ARL13B protrusion in hTERT-RPE1 
IF images of wild-type hTERT-RPE1 cells transiently transfected with full-length centrobin cDNA, 
fixed and stained with antibodies against centrobin (red), ARL13B (green). The ciliary membrane 
bulges were visible at various positions along the cilium (arrowheads). Scale bar, 5 µm. 

 

4.10 Effect of CNTROB loss on cellullar CPAP levels 

Centrobin interacts with CPAP and regulates its cellular level by controlling CPAP 

centrosomal localisation and level by regulating the activities of proteasome complex on 

CPAP degradation, depending on the stages of the cell cycle (Gudi et al. 2014; Gudi et al. 

2015). CPAP participates in primary cilium disassembly when cells re-enter cell cycle and 
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mutation in CPAP has been shown to contribute to the pathogenesis of Seckel syndrome and 

microcephaly (McIntyre et al. 2012, Gabriel et al. 2016). Interestingly, both CPAP and 

centrobin directly interact and stabilise microtubules, therefore overexpressing centrobin or 

CPAP proteins results in microtubule polymerisation that causes abnormal centriole 

elongation (Schmidt et al. 2009; Gudi et al. 2014; Gudi et al. 2015). A previous RNAi study 

has shown that centrobin depletion leads to centrosomal and cellular degradation of CPAP 

(Gudi et al. 2015), so, we sought to check the integrity of CPAP in our centrobin-deficient 

cells. 

As evident in our immunofluorescence microscopy analysis of CPAP before and after serum 

deprivation, we observed the localisation of CPAP at the centrosome of centrobin deficient 

cells. As expected, after serum starvation, CPAP levels were reduced at the centrosome of 

wild-type hTERT-RPE1 cells while it was retained in centrobin deficient cells (Figure 

4.18A). To confirm this increase in CPAP level, we carried out western blot analysis of the 

same and noticed the presence of a shorter CPAP fragment, which may indicate CPAP 

degradation or modification in the absence of centrobin. This modified or degraded form of 

CPAP may not have the ability to carry out its roles in centriole elongation or ciliogenesis 

(Figure 4.18B). 
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Figure 4.18: CPAP localisation and expression in centrobin-deficient cells 
A. Representative immunofluorescence images showing CPAP localisation before and 48 h after serum 
starvation. Cells were subjected to tubulin depolymerisation, fixed and stained with antibodies raised 
against CPAP (red) and acetylated tubulin (green). DNA (blue) was visualised by Hoechst staining. 
N=2. B. Immunoblot analysis of CPAP before and 48 h after serum starvation. Asterisk indicates the 
shorter fragments or degraded form of CPAP present in the CNTROB KO cells but not in the wild-type 
cells. Alpha-tubulin was used as a loading control. 
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4.11 Discussion 

Centrobin is a core centrosomal protein that participates in the centriole duplication process 

through regulating tubulin stability and CP110 localisation. Initial characterisation of 

centrobin has revealed its preferential localisation to the daughter centriole during interphase  

(Zou et al. 2005, Januschke et al. 2013). Here, we focused on the roles of centrobin in the 

primary cilia assembly and functionality. We show that in ciliated cells, centrobin also 

localises to the basal body (mother centriole) carrying the primary cilia and regulates primary 

cilia assembly.  Our data provide support for centrobin as a positive regulator in primary cilia 

formation. Cells lacking centrobin were unable to efficiently assemble primary cilia. 

Interestingly, we sufficiently rescue this phenotype by the re-expression of centrobin in this 

cells and a partial rescue was observed when we depleted the negative regulator of 

ciliogenesis, CP110 (Spektor et al. 2007, Goetz et al. 2012). 

At the time we carried out these experiments, it was unknown if centrobin and CP110 directly 

interact in proliferating or quiescent cells. A previous report has shown that centrobin 

regulates CP110 recruitment during centriole biogenesis (Gudi et al. 2011). We show here 

that centrobin and CP110 interact directly in proliferating cells. In the absence of centrobin, 

CP110 is also stabilised at the mother centriole of serum starved cells. It is possible that the 

interaction between CP110 and centrobin is important during centriole duplication and 

ciliogenesis. CP110 removal from the distal end of the mother centriole through the activities 

of Tau Tubulin Kinase2 (TTBK2) is a crucial step during the initiation stage of primary 

ciliogenesis (Goetz et al. 2012). Although several proteins are involved in the mechanism of 

CP110 removal (Goetz et al. 2012; Prosser and Morrison, 2015; Loukil et al. 2017); our 

findings identify centrobin as an interactor and participant in CP110 removal during primary 

ciliogenesis. Furthermore, we implicate CP110 dysregulation in centrobin-deficient cells as 

one of the reasons for reduced cilia frequency that we observe. 

 Centrobin interacts with a number of early initiation proteins that localise to the procentriole, 

such as CPAP, hSas6, STIL and Cep152 (Januschke et al. 2013, Gudi et al. 2014), most of 

which are crucial for proper cilia formation in vertebrates (Wu and Tang, 2012; David et al. 

2014; Loukil et al. 2017). We next investigated the relevance of some of these interactions on 

centrobin’s participation in ciliogenesis. Since the centrobin  domains that interact with 

Cep152, CPAP and even tubulin have been previously mapped (Gudi et al. 2011, 2014), our 

centrobin fragment analysis reveals the region of centrobin that is necessary for ciliogenesis 

resides in its C-terminal region that also contains the tubulin binding region. We also show 

that the CPAP and Cep152 interactions are not crucial for centrobin’s involvement in 

ciliogenesis. Interestingly, the tubulin-interacting region at the C-terminus was not sufficient 

for ciliogenesis, while the CP110-interacting region which also contains the tubulin-
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interacting domain was sufficient for rescuing ciliogenesis. It is possible that centrobin 

regulates both the removal of CP110 at the initiation stage of ciliogenesis and the stabilisation 

and modification of tubulin at the base of primary cilium. It is established that post- 

translational polymodification of tubulins, notably, detyrosination, acetylation, glycylation 

and polyglutamylation, are crucial for maintain centriolar and ciliary axonemal structures 

(Hammond et al. 2008). Also, centrobin regulates cellular and centrosomal CPAP levels 

(Gudi et al. 2015), although our centrobin mapping analysis reveals that the centrobin CPAP- 

interacting region was not essential for its role in ciliogenesis. Given that CPAP has been 

shown to be a ciliopathy (Wu and Tang 2012) and microcephaly (Bond et al. 2005) gene, we 

checked the centrosomal localisation and cellular level of CPAP in our CNTROB KO cells 

before and after inducing ciliogenesis. Our immunofluorescence microscopy analysis shows 

CPAP localisation to the centrosome of centrobin-deficient cells; however, immunoblot 

analysis reveals the presence of a degraded or modified CPAP fragment which supports the 

published data that centrobin prevents degradation of ubiquitinated CPAP by the proteosome 

(Gudi .et al. 2015) and loss of centrobin results in CPAP degradation. This may also impact 

known CPAP contributions to primary ciliogenesis (Wu and Tang 2012). 

To better understand the stage of primary ciliogenesis in which centrobin acts, we used TEM 

to study the ultrastructure of centrioles/cilia in our centrobin null cells before (in chapter 3) 

and after inducing ciliogenesis (this study). We noticed that ciliation capacity was hampered 

by inability of centrobin-deficient cells to efficient extend their axoneme after docking of 

their basal body to the ciliary vescile, leaving the nascent cilia in the ‘mushroom’ stage of 

cilium formation (as described by Sorokin, 1962). Our immunofluorescence microscopy and 

TEM did not show the existence of biciliated cells in the absence of centrobin as had been 

previously reported for specialised Drosophila neuronal cells (Gottardo et al. 2015). One 

potential explanation is the possibility of functional divergence between human and 

Drosophila centrobin as was shown by bioinformatic analysis (section 3.2). Surprisingly, 

Drosophila centrobin localises to the human centrosome and rescues ciliation frequency in 

centrobin-deficient cells. In this study, we did not investigate the functionality of primary 

cilia formed when human cells were transfected with Drosophila centrobin. Instead, we 

determine the functionality of residual cilia in centrobin-deficient cells by investigating the 

localisation of Smo to the primary cilium, an assay that has been commonly used to assess 

primary cilium functionality (reviewed by Wong and Reiter, 2008). Signalling through the Hh 

pathway requires Smo translocalisation to the primary cilium which then activate the Glioma 

(Gli) family of proteins. Prior to Hh signalling activation, its localisation to the primary 

cilium is prevented by the tumour suppressor Patched (PTCH1). Our analysis of Smo in the 

residual cilia found in centrobin-deficient cells revealed a dilution of Smo which shows the 

presence of a defective activation of the Hh pathway. Defective activation of Hh pathway has 
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been reported in cells with supernumerary cilia (Mahjoub and Stearns 2012). It could 

therefore be explained that the loss of centrobin affects primary ciliogenesis in vertebrates 

and causes defective Hh signalling in both human and Drosophila (Gottardo et al. 2015). 

It is established that mutation in crucial ciliopathy genes or depletion of ciliary proteins 

causes laterality defects which are consequences of a malfunctioning cilia-dependent 

signalling (Goetz and Anderson 2010). Our finding that identifies centrobin as a positive 

regulator of ciliogenesis was reproduced in zebrafish. We observed a marked reduction in 

cilia number and length after MO-mediated depletion of centrobin in zebrafish embryos. 

Because SHh signalling is important during embryogenesis and the signals for proper 

organogenesis are transduced through the primary cilia, abnormal kidney, liver, heart, brain 

and pancreas are evident when cilia malfunction (Long et al. 2003; Corbit et al. 2005; Goetz 

and Anderson, 2010; Diiorio et al. 2014). A notable consequence of reduced cellular level of 

centrobin is defective organ localisation during development of zebrafish embryos. These 

observations identify ciliopathy roles for centrobin in vertebrates. To our knowledge, there is 

no published evidence of the clinical relevance of CNTROB mutations in human; however, in 

rats, full-length centrobin is required for proper skeletal formation and spermatogenesis 

(Liska et al. 2009, 2013). 

Collectively, our results identify CNTROB as a critical regulator of vertebrate ciliogenesis and 

impacts the process through its C-terminal that interacts with CP110 and tubulin. Thus, our 

data implicate centrobin as a candidate microcephaly or ciliopathy gene. There is a growing 

interest in understanding the links between the centrosome, cilia and DNA damage response. 

A number of ciliopathy genes play have been shown to play crucial roles in the DNA damage 

response. For example, ATR, a key player in the DNA damage response and has been 

implicated in the molecular pathology of Seckel syndrome, has been recently shown to 

promote ciliogenesis and cilia signalling (Matsuoka et al. 2007, Stiff et al. 2016). Also, 

centrin2, a centrosomal protein, participates in both primary ciliogenesis and nucleotide 

excision repair after DNA damage (Nishi et al. 2005, Dantas et al. 2011, Prosser and 

Morrison 2015). Because centrobin interacts with several components of the DNA damage 

response (notably, BRCA2 and FANCD2) and ciliary proteins, we thought to carry out 

further studies (Chapter 5) to determine if centrobin links these processes.  
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5 A role for centrobin in the DNA damage response 

5.1 Introduction 

Centrosome duplication and the cell cycle are intricately linked to ensure stable centrosome 

numbers (Doxsey et al. 2005; Tsou and Stearns, 2006). In most non-transformed cells, 

procentriole assembly is restricted to S-phase. Centrosome disjunction and licensing are also 

essential events in the duplication steps that help to prevent centrosome hyperamplification 

within a cell cycle (Tsou and Stearns 2006, Tsou et al. 2009). However, the cell and 

centrosome cycles can be uncoupled in a process that results in centrosome amplification 

(Dodson et al. 2004; Harrison et al. 2011; Prosser et al. 2012). Centrosome number and 

integrity are essential for bipolar mitotic spindles and faithful chromosome segregation. 

Therefore, supernumerary centrosomes can result in aneuploidy and genome instability 

(Ganem et al. 2009). Mutation in oncogenic and tumour suppressor proteins, prolonged S-

phase arrest and DNA damaging agents such as ionising radiation (IR), ultra violet radiation 

(UV) and hydroxyurea (HU) can induce an increase in centrosome number (Dodson et al. 

2007; Nigg et al. 2009; Prosser et al. 2012).  

Upon exposure to genotoxic stress, cells initiate DNA repair by engaging several 

interdependent repair pathways. Depending on the nature of the DNA damage, cells activate 

specific DNA repair pathways to restore genetic integrity or induce apoptosis if damage 

cannot be repaired (Ciccia and Elledge 2010). Interestingly, several key regulators of the cell 

cycle and DNA repair pathways localise to the centrosome and have centrosomal interacting 

partners (Zhang et al. 2007; Cappelli et al. 2011). Although the possibility of antibody cross-

reactivity during immunofluorescence microscopy makes some of these localisations 

controversial, to date, good evidence exists to support centrosomal localisation of ATR, 

ATM, BRCA1, BRCA2, several CDKs, CHE-1, CHK1, CHK2, several PARPs, and PLK1 at 

all or some of the stages of the cell cycle (Fukasawa, 2007; Zhang et al. 2007).  

In an attempt to determine the biological significance of DDR proteins at the centrosome, 

Cep63 was identified as a centrosomal substrate of ATM and ATR in Xenopus laevis and 

chicken B cells; both kinases can phosphorylate Cep63 on Ser560 to control its centrosomal 

localisation and role in centrosome-dependent spindle assembly checkpoint activation after 

exposure to genotoxic stress (Smith et al. 2009). Furthermore, BRCA2 also interacts with 

centrosomal proteins, such as Rho-associated coiled-coil containing protein kinase 2 

(ROCK2) and nucleophosmin (NPM), to regulate the centrosome duplication process (Wang 

et al. 2011). Physical inhibition of the centrosomal interaction between BRCA2, NPM and 

ROCK2 results in centrosome amplification and genome instability. This suggests a role for 

BRCA2 in maintaining numerical integrity of the centrosome (Wang et al. 2011). 
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In addition to its role at the centrosome, BRCA2 and its interacting partner, RAD51, are 

crucial components of the homologous recombination (HR) pathway (Davies et al. 2001; 

Moynahan et al. 2001; see section 1.2.3). The interaction between these proteins in HR repair 

is mediated by BRCA2 phosphorylation in a CHK1/CHK2-dependent manner (Bahassi et al. 

2008), and this interaction is required for the recruitment of RAD51 to DSBs. Loss of 

BRCA2 or RAD51 protein results in centrosome amplification and chromosome 

missegregation (Nakanishi et al. 2007, Bahassi et al. 2008, Wang et al. 2011). Ablation of 

RAD51 also results in centrosome amplification and defective HR that gives rise to an 

increase in the accumulation of unresolved damaged DNA and centriole disengagement 

during prolonged G2/M arrest in human and chicken B cells (Dodson et al. 2004, Katsura et 

al. 2009). 

Given that centrosome hyperamplification after exposure to a range of genotoxic stresses is 

dependent on the ATR/ATM-CHK1/CHK2-CDK2 pathway activation (Dodson et al. 2004, 

Bourke et al. 2007, 2010, Löffler et al. 2013), this indicates a functional link between the 

DDR signals and centrosome cycle regulation. Recently, CHK1, but not its kinase activities, 

have been shown to promote PCM expansion after DNA damage and that the loss of 

pericentrin, a PCM component, leads to reduced level of CHK1 activation (Griffith et al. 

2008, Antonczak et al. 2015). Therefore, pericentrin is believed to facilitate centrosome-

dependent full activation of CHK1. Although centrosomal localisation of CHK1 is still 

controversial, its centrosomal interacting partners, pericentrin and microcephalin have been 

reported to regulate centrosome number (Wang et al. 2013b, Löffler et al. 2013, Antonczak et 

al. 2015). 

With several recent studies emphasising a functional overlap between the DDR and 

centrosomal proteins (Otto et al. 2010, Chaki et al. 2012, Choi et al. 2013), it is not surprising 

that mutations in centrosomal and DDR proteins have been associated with a range of human 

inherited diseases and ciliopathies (Nigg and Raff 2009, Bettencourt-Dias et al. 2011, 

O’Driscoll 2012). For example, mutations in the genes that encodes the DDR protein, ATR, 

and centrosomal proteins, CPAP/CENPJ, CEP152 and PCNT, have been linked to 

microcephaly and Seckel syndrome (Bond et al. 2005, Griffith et al. 2008, Kalay et al. 2011, 

O’Driscoll 2012). However, the mechanisms that integrate the centrosomes, cilia and the 

DNA damage response are not well understood. 

It is presently unclear whether centrobin, like several other centrosomal proteins, participates 

in centrosomal responses to genotoxic stress. Given that centrobin interacts with components 

of the DNA repair pathway, BRCA2 and FANCD2, and its depletion prevents HU-induced 

centrosome amplification (Zou et al. 2005; Gudi et al. 2014; Gupta et al. 2015), we decided  

to investigate a potential role of centrobin in centrosomal and cellular responses to genotoxic 
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stress. We also investigated a potential role of centrobin in the HR pathway by monitoring 

RAD51 recruitment to DSBs. Activation of the DDR was also monitored by the presence of 

phosphorylated histone H2AX on Ser139 (γ−H2AX) after exposure to genotoxic stress such 

as UV, IR and MMS (Ciccia and Elledge, 2010; Podhorecka et al. 2010). 

 

5.2 Reduced DNA damage-induced centrosome amplification in 

centrobin-deficient cells 

Boveri’s work highlighted the relevance of centrosome in maintaining chromosome stability 

(Boveri, 1914, 2008). Several studies have shown that uncoupling the cell cycle and 

centrosome replication by IR-induced G2 or HU-induced S phase arrests results in 

centrosome amplification (Dodson et al. 2004; Bourke et al. 2007; Inanç et al. 2010; Prosser 

et al. 2012). Reduced levels of centrosome amplification after siRNA-mediated depletion of 

centrobin have been previously described (Zou et al. 2005). The mechanism through which 

centrobin promotes centrosome amplification during a prolonged S-phase is unknown. One 

possibility is that a centriole biogenesis step that requires centrobin is delayed, which 

identifies centrobin as an essential centriole duplication factor. 

To determine the relevance of centrobin in DNA damage-induced centrosome amplification, 

we subjected our CNTROB KO cells to different genotoxic insults. For reliability of our 

analysis, it was important that we visualised both the centrioles and centrosomes after 

inducing centrosome amplification. We used centrin3 to mark the distal lumen of the 

centrioles and pericentrin to visualise the PCM of the centrosome. Using immunofluorescence 

microscopy, we analysed cells for centrosome amplification at 48 hours after exposure to 

different genotoxic stresses. As shown in Figure 5.1, there was significant reduction in the 

percentage of centrobin-deficient cells with robust centrosome amplification when compared 

to the corresponding wild-type after treatment with either 4 mM HU, 5Gy IR or 5 J/m2 UV. 

These observations reinforce the importance of centrobin in centriole duplication, which is 

similar to published phenotypes with siRNA-mediated depletion of centrobin (Zou et al. 

2005). These authors showed that in U2OS cells, siRNA-mediated knockdown of centrobin 

resulted in a reduced proportion of cells with amplified centrosome after HU treatment. 

Although the kinetics of centrosome amplification were not determined in this study, we 

cannot eliminate the possibility that a slower rate of centrosome assembly in centrobin-

deficient cells may result in reduced centrosome amplification. This possibility is supported 

by the presence of acentric and monocentric cell populations in centrobin-deficient cells, as 

described in section 3.9. 
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Figure 5.1: DNA-damage induced centrosome amplification is reduced in CNTROB KO 
cells 
A. Immunofluorescence microscopy showing centrosome amplification in wild-type and centrobin-
deficient cells stained with antibodies to centrin3 (green) and pericentrin (red) at 48 h post treatment 
with either 4 mM hydroxyurea (HU); 5 Gy ionising radiation (IR) or 5 J/m2 ultraviolet radiation (UV). 
DNA (blue) was visualised with Hoechst. Scale bar, 5 µm and inset scale bar, 1 µm. B. Quantitation of 
wild-type and centrobin-deficient cells with abnormal centrosome after exposure to the indicated 
genotoxic stresses. Histogram shows mean ± SEM of at least 3 independent experiments in which a 
minimum of 100 cells were counted per experiment. Statistical analysis was performed using unpaired-
t-test to compare wild-type and CNTROB KO cells separately for each treatment. *, P<0.05; **, 
P<0.01. 

 

5.3 Centrobin-deficient cells are sensitive to genotoxic stress 

Since DNA damage-induced centrosome amplification was attenuated in centrobin-deficient 

cells, we decided to carry out further investigation of the role of centrobin in the DDR. We 

therefore performed clonogenic survival assays on CNTROB KO cells to analyse the DNA 

repair competency after exposure to increasing doses of DNA damaging agents. Clonogenic 

experiments were performed as described in section 2.3.8 and a representative image of 

colonies formed from wild-type, CNTROB KO and rescue cells is shown in Figure 5.2A. As 

shown, there was no apparent difference in the untreated cells for all the indicated genotypes 

(plating efficiency ranged between 60-65%), while reduction in cell viability was observed in 

CNTROB KO after 5 Gy IR treatment. Centrobin-deficient cells show sensitivity to IR and 

MMS, an alkylating agent that induces DNA crosslinks (Figure 5.2B-C). ATM is one of the 

key players in the HR-mediated repair of DSBs and thus is necessary for proliferation and 

genome stability (Morrison et al. 2000, Matsuoka et al. 2007, Stracker et al. 2013). Therefore, 

we used the ATM kinase inhibitor, KU55933, on the wild-type cells as a control for IR 

sensitivity. Also, to ascertain that this phenotype was solely due to centrobin ablation, we 

included our centrobin rescue cells in the experiment. As evident in Figure 5.2B, IR-induced 

sensitivity was completely rescued by re-introduction of centrobin into CNTROB KO cells.  
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Aside from centrobin’s known interaction with BRCA2, a recent proteomic study of the 

centriole-cilium interactomes identified FANCD2 as a centrobin-interacting protein (Zou et 

al. 2005, Gupta et al. 2015). FANCD2 is one of the Fanconi Anemia family of proteins. It 

plays crucial role in steps required for DNA strand crosslink repair, especially during S-phase 

(Knipscheer et al. 2009, Moldovan and D’Andrea 2009). The interaction between centrobin 

and FANCD2 led us to investigate the possible functions of centrobin in the repair of MMS-

induced DSB . We observed that CNTROB KO cells have decreased viability compared to 

wild-type cells after exposure to MMS. This phenotype was only partially rescued by 

centrobin re-expression (Figure 5.2C). On the other hand, CNTROB KO cells have a 

comparable sensitivity to wild-type cells after UV-C treatment (Figure 5.2D), while centrin2 

null hTERT-RPE1 cells (Prosser and Morrison 2015) were used as experimental control. 

Similar to previous observations in human and chicken cells, CETN2 KO cells showed 

hypersensitivity to UV (Dantas et al. 2011, Daly et al. 2016). These results show centrobin is 

essential for successful repair of DSBs by participating in HR repair pathways through 

mechanisms that remain unknown but may involve its interactions with BRCA2 and 

FANCD2. 

Figure 5.2: Centrobin-deficient cells are sensitive to IR- and MMS-induced DNA 
damage 
A. Representative image of clonogenic survival plates at 12 days before (untreated) and after IR 
treatment (5 Gy). The image shows the difference in viability between cells of indicated genotypes. B. 
Clonogenic survival assay of wild-type, CNTROB KO and CNTROB rescue after treatment with 
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indicated doses of IR. ATM inhibition with KU 55933 in wild-type cells was used as a control. C. 
Clonogenic survival assay of wild-type, CNTROB KO and CNTROB rescue after treatment with 
indicated doses of MMS. D. Clonogenic survival assay of wild-type, CNTROB KO and CNTROB 
rescue after treatment with indicated doses of UV-C. CETN2 knockout cells were used as experiment 
control. Data represent percent surviving colonies ± SEM of at least three independent experiments. 
Each experiment was performed in triplicate and the counts were normalised to the untreated control. 

 

5.4 Centrobin ablation results in defective DSB repair 

Following DNA damage, a number of repair and signalling factors are recruited to the site of 

damage to form nuclear foci which facilitate successful repair of damaged DNA. 

Phosphorylation and accumulation of H2AX at DNA damage sites occur within minutes of 

detecting DSB (Rogakou et al. 1999). γ−H2AX acts as a platform for the localisation and 

recruitment of downstream DNA repair and signalling factors (Rogakou et al. 1999). The 

interaction of RAD51 and BRCA2 is required for effective homology-dependent repair. 

RAD51 is a recombinase recruited and stabilised by BRCA2 at DSBs to mediate homology 

search and strand invasion into the homologous template during HR (Davies et al. 2001; 

Jensen et al. 2010). Due to the high sensitivity of centrobin nulls to IR- and MMS- induced 

DNA damage, we investigated the efficiency of focal recruitment of γ−H2AX and RAD51 to 

sites of DSBs.  

 

5.4.1 Reduced RAD51 focal recruitment in centrobin-deficient cells 

To determine if centrobin affects the HR repair pathway, we examined the ability of centrobin 

null cells to form γ−H2AX and RAD51 IRIF. We subjected wild-type, CNTROB KO and 

CNTROB rescue cells to 5 Gy IR and fixed and stained the cells for immunofluorescence 

microscopy. Images showing cells with typical IRIF in wild-type and knockout cells at the 

indicated time points are shown in Figure 5.3A and Appendix 5. The number of cells with 

≥10 RAD51 IRIF was dramatically reduced in centrobin null cells. Quantification of IRIF 

frequency revealed a ≤30% fold reduction in the CNTROB KO cells with ≥10 RAD51 IRIF at 

3 and 6 h when compared to the corresponding wild-type cells (Figure 5.3B). Interestingly, 

this phenotype was rescued in cells stably expressing transgenic centrobin (Figure 5.3B). 

Although we noticed impaired accumulation of γ−H2AX foci in CNTROB KO cells in 

preliminary experiments, we decided to investigate the recruitment of RAD51 and 

accumulation of γ−H2AX at break sites after DNA damage using automated microscopy 

instead of manually counting foci (sections 5.4.2 and 5.4.3 below). This is due to the 

laborious work and time required for manual counting and also to eliminate bias and 

minimise errors during quantification. However, the results of our RAD51 analysis along with 
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the clonogenic experiments, suggest that centrobin is involved in effective recruitment of the 

HR machinery to DNA damage sites. 

Figure 5.3: Centrobin is required for efficient DNA-damage induced RAD51 foci 
formation 
A. Representative immunofluorescence micrograph showing RAD51 focal recruitment in wild-type 
and CNTROB knockout cells after treatment with 5 Gy IR. Cells were fixed with 4% PFA at the 
indicated time points. Antibodies against γ-H2AX (green) and RAD51 (red) were used. Hoechst was 
used to visualize DNA (blue). Scale bar, 5 µm. B. Quantitation of number of cells with ≥10 RAD51 
foci in wild-type, CNTROB KO and centrobin rescue after treatment with 5 Gy IR. At least 100 cells 
were counted per experiment and the mean ± SEM of 3 independent experiments is shown for each of 
the time points. 

 

5.4.2 Centrobin null cells show defective RAD51 and γ-H2AX foci formation 

after IR-induced double strand breaks 

To corroborate our initial observation of centrobin’s function in HR, we monitored γ-H2AX 

and RAD51 foci formation by automated microscopy experiments carried out in collaboration 

with Dr. David Gaboriau at the Faculty of Imaging by Light microscopy (FILM), Imperial 

College London, UK. Representative micrographs showing the defined region of interest 

(ROI) that determines a cell (DAPI ROI) and RAD51 foci (RAD51 foci counted) in untreated 

and irradiated wild-type and CNTROB KO cells are shown in Figure 5.4A. As shown in 

Figure 5.4B, the number of RAD51 and γ-H2AX foci per cell were significantly reduced in 

CNTROB KO when compared to the wild-type (Figure 5.4B-C). The number of foci per cell 

peaked 3 h after IR and the phenotype was particularly pronounced at 3-12 h post-IR. 

Notably, this phenotype was rescued in our transgenic centrobin rescue cell line (Figure 5.4B-

C). 

To minimise experimental variation, the cells used in this experiment were evenly irradiated 

on the slide prior to immunofluorescence microscopy to study IRIF. We also performed flow 
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cytometry analysis after treatment with IR (section 5.4.5) to ensure there were no differences 

in cell cycle arrest since G1 cells generally have reduced IRIF compared to cells in G2 phase 

of the cell cycle (Löbrich et al. 2010, Hernández et al. 2013). This increase in IRIF in G2 cells 

is as a result of doubled histone content after DNA replication (Löbrich et al. 2010, 

Hernández et al. 2013). As discussed in section 5.4.5, we observed no significant difference 

in cell cycle distribution of centrobin-deficient cells after IR treatment. Also, determining 

DAPI ROI helped to discriminate between cells at different phases of the cell cycle. This 

discrimination helped us to increase the reliability of our experimental findings.  

γ-H2AX and RAD51 IRIF formation in irradiated cells is indicative of effective cellular DNA 

damage responses and ongoing HR repair, respectively. Since the dose of DNA damage 

induced in all the cells was the same, a similar level of response was expected. Therefore, 

these results implicate a defective ability to recognise break sites or a defective DNA damage 

response in our CNTROB KO cells after exposure to IR (Figure 5.3 and Figure 5.4). 
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Figure 5.4: Centrobin-deficient cells show defective RAD51 and γ−H2AX foci formation 
after IR treatment (Automated microscopy analysis) 
A. Immunofluorescence micrographs of cells showing examples of wild-type and CNTROB KO cells 
before (-IR) and after (+IR) 5 Gy IR treatment. Cells were stained with RAD51 and counterstained 
with Hoechst for visualising the DNA. DNA was used to define the region of interest (ROI) for 
automated focus quantitation. Foci counted were defined as shown on the right. Scale bars, 5 µm. B. 
Quantitation of the mean number of RAD51 foci per cell ± 95% confidence interval (CI) at the 
indicated time points. C. Quantitation of mean number of γ-H2AX foci per cell ± 95% (CI) at the 
indicated time points. At least 800 cells were counted per experiment and the mean of 2 independent 
experiments is shown for each of the time points. (Y.A prepared the slides; Dr. Gaboriau conducted 
imaging and analysis). 
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5.4.3 Centrobin-deficient cells are sensitive to MMS-induced DNA damage  

The sensitivity of centrobin-deficient cells in the clonogenic survival assay led us to 

investigate potential role of centrobin in DNA DSB repair. Since HR-deficient mammalian 

cells are sensitive to alkylating agents such as methyl methanesulphonate (MMS) treatment. 

MMS-induced collapsed replication forks or the presence of heat-sensitive methylated DNA 

intermediates generate DSB that are repaired by HR (Lundin et al. 2005, Ma et al. 2011). 

 RAD51 and γ-H2AX are also involved in the DSBs repair induced by MMS (Nikolova et al. 

2010). Again, we studied focal recruitment of RAD51 and γ-H2AX by automated 

immunofluorescence microscopy analysis. We noticed a dramatic reduction in the number of 

foci per cell after 2 h treatment with 20 µg/ml of MMS at the indicated times. Representative 

immunofluorescence micrographs are shown in Figure 5.5A. The DAPI ROI and RAD51 foci 

were defined as previously described for IR. We also observed a significant reduction in the 

average number of RAD51 and γ-H2AX foci per cell (Figure 5.5B-C). These results implicate 

centrobin in DSBs and DNA crosslink repair. Inter- or intrastrand crosslink repair is essential 

for efficient replication and transcription, therefore, DNA damage due to strand crosslinks is 

extremely toxic to cells. 
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Figure 5.5: CNTROB KO cells show defective RAD51 and γ−H2AX foci formation after 
MMS treatment (Automatic microscopy analysis) 
A. Immunofluorescence micrographs of cells showing examples of wild-type and CNTROB KO cells 
before (-MMS) and after (+MMS) 20 µg/ml MMS treatment. Cells were stained with RAD51 and 
counterstained with Hoechst for visualising the DNA. DNA was used to define the region of interest 
(ROI) for automated focus quantitation. Foci counted were defined as shown on the right. Scale bars, 5 
µm. B. Quantitation of mean number of RAD51 foci per cell ± 95% confidence interval (CI). After 2 h 
treatment with 20 µg/ml MMS, cells were harvested for IF at the indicated time points. C. Quantitation 
of mean number of γ-H2AX foci per cell ± 95% CI. After 2 h treatment with 20 µg/ml MMS, cells 
were harvested for IF at the indicated time points. At least 800 cells were counted per experiment and 
the mean of 2 independent experiments is shown for each of the time points. (Y.A prepared the IF 
slides, while imaging and analysis were conducted by Dr. Gaboriau). 
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5.4.4 CNTROB KO cells show effective G2/M checkpoint activation after IR 

To determine if CNTROB KO cells activate G2/M checkpoint after DNA damage, we carried 

out flow cytometry analysis after IR treatment. As shown in Figure 5.6, wild-type, CNTROB 

KO and rescue cells, were capable of activating a G2/M checkpoint response, although 

CNTROB KO and rescue cells progressed slowly into G2, as revealed by the cell cycle profile 

at 3 h time point post 5 Gy IR (Figure 5.6). However, the majority of the CNTROB KO and 

rescue cells accumulated in G2/M between 2 and 6 h post IR. This result suggests that 

centrobin-deficient cells were capable of recognising DNA damage and activating cell cycle 

checkpoint arrest, but they are unable to recruit DNA repair machineries to site of the DNA 

lesion as shown by defective RAD51 and γ-H2AX focal formation (section 5.4.2). These data 

also show that the reduced number of RAD51 and γ-H2AX foci were not a result of 

difference in cell cycle stage between wild-type and centrobin-deficient cells.  

Figure 5.6: FACS analysis shows effective G2/M checkpoint activation in CNTROB KO 
cells  
Flow cytometry analysis of the DNA content of wild-type, CNTROB KO and centrobin rescue cells 
before and at indicated times after 5 Gy IR. Cells were stained with propidium iodide and analysed on 
a BD Accuri C6 sampler and flow analysis software. 10,000 events were recorded per timepoint.  

 

5.5 Centrobin-deficient cells show sensitivity to PARP inhibition  

Given the inability of centrobin-deficient cells to effectively repair DNA damage as revealed 

by failure to recruit repair machineries to the site of damage, we aimed to investigate the 

relevance of centrobin in the two major DSBs repair pathways. NHEJ and HR are employed 

for DSB repair depending on the phase of the cell cycle (Takata et al. 1998). Cells deficient in 

HR repair machineries accumulate toxic DSBs and are sensitive to PARP inhibition (Bryant 
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et al. 2005, Senra et al. 2011). The PARP family of proteins is required for effective DNA 

damage signalling and repair (Bryant et al. 2005, Fong et al. 2009), and their inhibition can be 

chemically induced using olaparib. Olaparib induces nicks that are converted into DSBs 

during replication. On the other hand, ICRF-193 inhibits topoisomerase II activation by 

inducing ‘close clamped’ interaction between topoisomerase II and the DNA causing DSBs 

that are primarily repaired by NHEJ (Adachi et al. 2003). To determine the specificity of 

centrobin for either the HR or NHEJ repair pathways, we performed clonogenic survival 

assays on CNTROB KO cells treated with olaparib or ICRF-193. As shown in Figure 5.7, 

centrobin null cells were mildly sensitive to olaparib treatment at all doses used and the 

centrobin-rescue cell line only partially rescued the sensitivity to HR-specific breaks induced 

by olaparib. Here, we used ATM inhibition in wild-type cells as an experimental control since 

ATM inhibition compromises repair of DSBs. A characteristic feature of ATM-depleted cells 

is hypersensitivity to ionizing radiation that results from failure to activate the G2/M 

checkpoint and an accumulation of unrepaired DNA mutations that ultimately leads to cell 

death (Hickson et al. 2004). In contrast, wild-type and CNTROB KO cells showed a similar 

level of sensitivity to ICRF-193 (Figure 5.7B). Wild-type cells treated with DNA-PK 

inhibitor were sensitive due to the requirement of DNA-PK holoenzyme for NHEJ-mediated 

DSB repair (Ciccia and Elledge 2010, Chatterjee and Walker 2017). These preliminary data 

and our previous observations of defective RAD51 and γ-H2AX foci formation strongly 

suggest that centrobin is one of the players in the HR but not in the NHEJ DSB repair 

pathway, through a mechanism that remains to be defined.  

Figure 5.7: Centrobin null cells are sensitive to PARP inhibition 
A. Clonogenic survival assay of wild-type, CNTROB KO and CNTROB rescue cells after treatment 
with indicated doses of olaparib. Each data point represents the percentage of surviving colonies of a 
single experiment with triplicates that were normalised to the untreated control. N=1. Wild-type cells 
treated with ATM inhibitor, KU55933, were used as experimental control. B. Clonogenic survival 
assay of wild-type, CNTROB KO, CNTROB rescue cells after treatment with indicated doses of ICRF-
193. Wild-type cells treated with DNA-PK inhibitor, KU57788, were used as experimental control. 
Each data point represents the percent of surviving fraction of 2 independent experiments. Each 
experiment was performed in triplicate and was normalised to the untreated control. 
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5.6 Dynamics of centrobin localisation in damaged human cells  

At this stage, we were unsure whether centrobin mediates its DDR role at the centrosome or 

via a yet-to-be identified nuclear pool of centrobin. To verify the possibility of centrobin 

localising to break sites after DNA damage, we tried different immunofluorescence 

microscopy conditions which included changes in pre-extraction buffer, ice-cold 

depolymerisation time, fixing and staining conditions before and after IR treatment. 

Unfortunately, we were unable to detect nuclear staining for centrobin under any of these 

conditions (data not shown). A representative immunofluorescence micrograph of our 

analyses is shown in Figure 5.8. In this particular experiment, we used cytoskeletal buffer 

(CSK) and wild-type and CNTROB KO cells were mixed on the slides and identified by 

centrobin staining at the centrosome. Again, we used γ−H2AX as a marker of DSBs. As 

shown in Figure 5.8, we did not observe any non-centrosomal colocalisation of centrobin and 

γ−H2AX before or after treatment with IR and CSK buffer. We believed that the localisation 

of γ−H2AX to the centrosome that was mainly observed after CSK treatment is a result of 

phospho-antibody cross-reactivity to a phosphorylated centrosomal protein and not the 

presence of histones at the centrosome. To our knowledge, there is no published evidence 

showing the localisation of, or a role for, histones at the centrosome (Marshall and 

Rosenbaum 2000).  
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Figure 5.8: Centrobin was not detected at DSBs sites in hTERT-RPE1 cells 
A. Immunofluorescence microscopy analysis of a mixture of wild-type and CNTROB KO before and 
30 min after treatment with 10 Gy IR. Cells were fixed after cytoskeletal extraction at room 
temperature or on ice for 30 min. White and yellow boxes indicate wild-type (white) and CNTROB KO 
cells (yellow) used for the blow-ups in B below. Antibodies to γ−H2AX (red) and centrobin (green) 
were used and DNA was stained with Hoechst. Scale bars, 5 µm and inset scale bar, 1 µm. 
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5.7 Discussion 

We observed defective centrosome duplication in centrobin-deficient cells (Section 3.9), and 

previously published reports had implicated centrobin in PLK4 overexpression- and HU-

induced centrosome overduplication (Zou et al. 2005, Gudi et al. 2011). Centrosome 

amplification occurs when the cell cycle and centrosome duplication are dissociated by DNA 

damage (Dodson et al. 2004, Bourke et al. 2007, Löffler et al. 2013). We analysed 

centrosome amplification following treatment with genotoxic agents such as HU, IR and UV 

and found that centrobin-deficient cells have reduced capability to induce centrosome 

overduplication after exposure to these genotoxic stress inducers. These results agree with 

centrobin acting as a centriole duplication factor. Depletion of centrobin limits the rate of 

centrosome duplication (Chapter 3) and DNA damage-induced centrosome amplification. As 

previously discussed (Chapter 3), this reduced centrosome amplification phenotype may be 

due to the effects of centrobin loss on the dynamics, stability and kinetics of cartwheel and 

procentriole assembly during centriole duplication. 

We carried out clonogenic survival assay to determine the sensitivity of centrobin-deficient 

cells to different DNA damage agents. The sensitivity of CNTROB KO cells to IR, MMS and 

olaparib strongly suggests the involvement of centrobin in efficient DNA repair, notably HR-

mediated repair of DSBs. It is well established that cells with a compromised HR, such as 

BRCA2- or RAD51-deficient cells, are hypersensitive to PARP inhibition due to their 

reliance on PARP activity for maintenance of genomic integrity and cell survival (Tutt et al. 

1999, Fong et al. 2009, Senra et al. 2011, Dziadkowiec et al. 2016). Based on this knowledge, 

our findings identify centrobin in the HR repair of DSBs, although further experiments, such 

as the DR-GFP assay (Pierce and Jasin 2005, Nakanishi et al. 2011), will be required in the 

future to determine the mechanism of action of centrobin as a component of the HR.  

Furthermore, we also observed drastic reduction in the number of cells with efficient 

formation of γ-H2AX and RAD51 foci after exposure of centrobin-deficient cells to IR and 

MMS.  Because γ-H2AX is one of the earliest modifications that is rapidly formed at the site 

of DSBs (Rogakou et al. 1999; Podhorecka et al. 2010), this result indicates that DSB 

detection and the initial stage of DDR are defective in CNTROB null cells. The exact 

mechanism through which centrobin facilitates DNA repair remains unknown. One may 

speculate a possible requirement for centrobin-BRCA2 interaction for the role of BRCA2 

during RAD51 nucleofilament assembly on resected DNA during HR. It is interesting that 

similar to other HR proteins, CNTROB has also been described as a breast cancer 

predisposition gene (Moynahan et al. 2001; Lose et al. 2006; O’Driscoll, 2012; Wang et al. 

2012). The insensitivity of CNTROB null cells to UV and ICRF-193 also suggests that 
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centrobin may not mediate SSB repair or NHEJ. Instead it promotes efficient HR, as may also 

be highlighted by its interaction with BRCA2 and FANCD2.  

Our FACS analysis of centrobin-deficient cells revealed an increase in the percentage of cells 

in G2/M after exposure to IR. Efficient activation of the G2/M checkpoint in CNTROB KO 

cells suggests effective DNA damage-induced ATR/ATM activation, which is required for 

the checkpoint activation (Hoffmann 2000, Donzelli and Draetta 2003, Shaltieì et al. 2015). 

Based on the ability to activate the G2/M checkpoint and the observation that centrobin-

deficient cells were not as sensitive to IR as the ATM-inhibited cells in a clonogenic survival 

assay, it can be hypothesised that centrobin acts downstream of these PIK kinases in the HR-

mediated repair of DSBs. This possibility is supported by the presence of 10 potential PIK-

kinase phosphorylatable SQ/TQ consensus sequences on the CNTROB gene product (Traven 

and Heierhorst 2005). 

While no direct demonstration of nuclear centrobin has been published to date, its reported 

interaction with BRCA2 and FANCD2 (Zou et al. 2005, Gupta et al. 2015) may point to its 

potential nuclear localisation and DNA damage roles. Although not all DDR proteins can 

accumulate at DNA breaks to form distinct microscopically detectable foci (Polo and Jackson 

2011), we investigated the possibility of centrobin forming nuclear foci after IR. We observed 

no nuclear foci of centrobin by immunofluorescence microscopy of irradiated hTERT-RPE1 

cells. However, the absence of detectable nuclear centrobin foci may be as a result of the 

nuclear pool of centrobin not aggregating to form foci, or that the foci formed cannot be 

detected microscopically due to their very low cellular levels. Moreover, endogenous levels 

of centrobin is kept at a very low level in most human cells (Zou et al. 2005). Recently, a non-

centrosomal pool of centrobin was described (Jeong et al. 2007, Shin et al. 2015). In fact, 

subcellular fractionation of the human KE37 whole cell extract showed that centrobin has 

similar distribution to that of Nek2 (Jeong et al. 2007). It is worth noting that the vast 

majority of Nek2 is not associated with the centrosome and that it also exhibits nuclear 

localisation (Fry et al. 1998; Fletcher et al. 2004; Naro et al. 2014). In addition, another 

interacting partner of centrobin during centriole biogenesis, CEP152, has been shown to have 

weak nuclear localisation and to directly participate in the DDR (Kalay et al. 2011). For 

example, in Seckel syndrome patient cells with impaired CEP152 functions, HU-induced 

replication stress leads to a significant increase in CHK2 and H2AX phosphorylations (Kalay 

et al. 2011). These findings further support the possibilities of low nuclear levels of centrobin 

that participate in the DDR. 

Based on our observations, we propose three potential models through which centrobin 

controls the DDR (Figure 5.9). First, it is possible that a yet-to-be identified pool of nuclear 

centrobin directly interacts with BRCA2 and FANCD2 to facilitate centrobin’s role in the 
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DDR. Second, since the centrosome and nucleus are physically associated in interphase cells, 

it is possible that the microtubule stabilising activity of centrobin may modify nuclear 

activities during the DDR. A final alternative model may be based on the impact of the 

centrosome on the nuclear envelope to modulate the subnuclear localization of damaged DNA 

damage or the activation of DDR signalling (Kumar et al. 2014). Recent data implicating the 

linker of nucleoskeleton and cytoskeleton (LINC) complex of the nuclear envelope in DSBR 

(Lottersberger et al. 2015; Lawrence et al. 2016) suggests a promising avenue for further 

exploration. The tethering of the centrosome to the LINC complex has been shown to be 

relevant for centrosome positioning and polarity (Chang et al. 2015). The possibility that loss 

of centrobin may affect the stability of the interaction between the centrosome and the LINC 

complex requires further investigation.  

  

Figure 5.9: Current model of centrobin involvement in DNA-damage response 
Upon DNA damage, centrobin may control DNA repair through: A. Its direct interaction with HR 
proteins inside the nucleus. B. Centrobin may impact the DDR through centrobin-induced centrosomal 
response to DSBs. C.  Finally, it may mediate its effect by invoking microtubule-stabilising activities 
of centrobin that regulate nuclear localisation of DDR proteins. 

 

The connection between the centrosome, cilia and DDR has been a recent focus of study. The 

link between supernumerary centrosomes and genome instability, as is observed in cancer 

cells, has long been suggested as an interplay between the DDR and centrosome regulation.  

Aside from centrobin, defects in several centrosome-associated and DDR proteins have been 

described in human diseases, notably in nephronophthisis-related ciliopathies, a group of 

genetically and clinically heterogenous autosomal-recessive cystic kidney disorders that arise 
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through ciliary dysfunction (Schueler et al. 2016). For example, SDCCAG8 is a centriolar 

component that colocalizes with TIP60, an acetylase that regulates ATM (Chaki et al. 2012).  

SDCCAG8 loss leads to increased DDR signalling, although the underlying mechanism is not 

understood (Airik et al. 2014). Therefore, our observation of a homologous recombination 

defect in centrobin-deficient cells provides a new instance of a centrosome-cilium regulatory 

protein having a role in the DDR that requires further mechanistic investigation. 
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6 Conclusions and future perspectives 
Taken together, the data presented here strengthen the idea of a functional link between 

ciliogenesis and DNA repair pathways and that centrobin participates in both processes. 

Centrobin is an evolutionarily conserved core centrosomal protein that is ubiquitously 

expressed in human cells (Zou et al. 2005, Fagerberg et al. 2014). Here, we show that 

centrobin is a centriole duplication factor. Its depletion results in increased acentriolar and 

monocentric cells but has no significant effect on cell proliferation or viability. Our data, for 

the first time, also identify vertebrate centrobin as a positive regulator of primary ciliogenesis. 

We also identify centrobin as a component of the DNA damage response. It is indispensible 

for cell viability after genotoxic stress induced by IR, MMS and olaparib, all of which links it 

to the HR repair mechanism. 

In this study, we used reverse genetics to examine the roles of centrobin in centriole 

duplication and cell cycle progression. siRNA-mediated studies of centrobin in human, 

normal and cancer cells, as well as rat and Drosophila, have shown contradicting results with 

regards to the roles of centrobin in centrosome duplication and ultimately cell viability (Zou 

et al. 2005, Liska et al. 2009, Song et al. 2010, Januschke et al. 2013). In our examination of 

centrobin-deficient cells, although we observed centriole duplication defects, we did not 

detect any specific cell cycle arrest or proliferation defects. Thus, we concluded that cellular 

proliferation is possible in the absence of centrobin, at least in karyotypically stable cells. 

Since most of the reported proliferation defects were found in U2OS and HeLa cells treated 

with siRNA to mediate the depletion of centrobin, it was possible that such an acute 

knockdown (by siRNA) of the protein may identify a non-essential but conserved role of 

centrobin in cell proliferation. Such role may have been compensated for in our CNTROB KO 

cells by proteins with functional redundancy to centrobin during adaptation to loss of 

centrobin. This phenomenon has been previously observed in mice where ‘on-target’ siRNA 

depletion of Cep131 leads to defective ciliogenesis that was not observed in Cep131 knockout 

mice (Hall et al. 2013). Another possibility is that the proliferation defects were consequences 

of ‘off-target’ effect of the siRNA, a common disadvantage of siRNA (Fedorov et al. 2006, 

Jackson and Linsley 2010). To understand cell cycle progression and centriole duplication 

kinetics, it would be interesting to monitor both processes by live cell imaging of our 

CNTROB KO cells, a centrobin null cancer cell line and both cell lines with a p53-/- 

background. An independent method to validate centriole duplication would be to carefully 

monitor hSas6 timing and stability at the centriole biogenesis site. Centrobin is not crucial for 

recruitment of hSas6 and Cep152 during S-phase procentriole assembly (Gudi et al. 2014; 

Gudi et al. 2015). However, centrobin directly interacts with these proteins during centriole 

biogenesis and the exact role of centrobin in the centriole biogenesis proteins assembly 

remains to be answered. 
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The impact of PLK1 or Nek2 modifications of centrobin on cellular microtubule organisation 

and stabilisation has been previously described in human cells. PLK1 promotes its 

microtubule-stabilising activity that is required for bipolar spindle formation, while Nek2 

antagonises centrobin-induced microtubule stability to regulate cell morphology and 

migration in interphase cells (Lee et al. 2010, Park and Rhee 2013). In our analysis of 

centrobin-deficient cells, we did not detect a noteworthy structural defect in the microtubule 

network. Here, we concluded that loss of centrobin had no significant impact on the 

microtubule network due to the correct composition of the centrosome. Apart from centrobin, 

several other centrosomal proteins, including hSas6, CPAP, ninein and the γ-TuRC complex, 

have been shown to control microtubule anchoring and dynamics. These proteins may have 

redundant roles that compensate for the loss of centrobin (Delgehyr et al.  2005; Leidel et al. 

2005; O’Toole et al. 2012; Zheng et al. 2016). Determining the rate of microtubule 

repolymerisation after cold treatment of centrobin-deficient cells would be of great benefit to 

our understanding of the relevance of centrobin in microtubule stability. 

To gain better understanding of the molecular mechanisms through which centrobin 

facilitates ciliogenesis, we carefully analysed its localisation in asynchronous and ciliated 

cells. We found that centrobin, which was initially characterised as a daughter centriole 

specific protein (Zou et al. 2005), also localises to the mother centriole after inducing 

ciliogenesis. The exact kinetics of centrobin translocalisation from mother to daughter 

centrioles is not yet clear. We also provide support for a novel role of centrobin in primary 

cilium formation. Human cells and zebrafish embryos deficient in centrobin were unable to 

efficiently form primary cilia. Interestingly, expression of either the human or Drosophila 

centrobin rescued the defect in ciliation capacity in CNTROB KO cells. Further analysis 

revealed that CP110 stabilisation at the mother centriole contributes to the ciliogenesis defect, 

and thus we concluded that centrobin is a component of the complex molecular mechanism 

that is required for efficient CP110 removal. A recent study on proteins that preferentially 

localise to the daughter centrioles reported that Neurl-4 also translocates to the mother 

centriole before primary cilium assembly and also contributes to CP110 removal during 

ciliogenesis (Loukil et al.  2017). However, it is still unclear how the biochemical 

composition of the distal ends of the mother and daughter centrioles accounts for the 

asymmetric removal of CP110 from the mother centriole (basal body), while it remains at the 

distal end of the daughter centriole.  

An examination of centrobin truncation mutants revealed that the C-terminal region (aa 452-

903) comprising the tubulin-interacting domains is sufficient to rescue ciliogenesis. While we 

did not show here that this fragment interacts with CP110, the C-terminal region (aa 365 – 

903), which contains the CP110- and tubulin-binding domain, was also able to support 

ciliation. Importantly, expression of the tubulin-binding domain (aa 765-903), which is 



  Chapter 6 

 142 

   

crucial for its centrosomal localisation, is not sufficient to rescue the ciliogenesis defect in 

CNTROB KO cells. To fully understand the relationship between CP110 and centrobin, it 

would be interesting to determine the impact of these C-terminal truncation mutants on 

CP110 localisation. Since siRNA-mediated depletion of CP110 only partially rescues 

ciliogenesis, we therefore concluded that centrobin might facilitate both CP110 removal and 

tubulin stabilisation during ciliogenesis. The microtubule-stabilising role of centrobin at the 

centrioles has been well described (Jeong et al. 2007, Lee et al. 2010, Gudi et al. 2011, Shin et 

al. 2015). Similar to previously reported observations that transient overexpression of C-

terminal fragments of centrobin leads to formation of cytosolic microtubules in proliferating 

cells (Jeong et al. 2007; Gudi et al. 2011), we also observed these aggregates in asynchronous 

and ciliated cells. It is therefore conceivable that centrobin also promotes microtubule 

stability during primary cilium assembly and elongation. A previous report has highlighted 

that centrobin organises acetylated tubulin in preference to tyrosinated tubulin (Jeong et al. 

2007). Since acetylated and detyrosinated tubulin modifications are crucial for centriole 

elongation and primary cilium assembly (Hammond et al. 2008), it would be interesting to 

determine how centrobin impacts tubulin modifications during both processes. 

With our data supporting centrobin as a positive regulator of ciliogenesis in hTERT-RPE1 

cells, we aimed to determine its ciliary function in an entire organism by monitoring 

embryonic development in zebrafish. It has been well reported that defective cilia during 

zebrafish embryogenesis can give rise to laterality defects, incorrect organ positioning and 

developmental abnormalities (Kramer-Zucker et al. 2005, Kinkel et al. 2008, Goetz and 

Anderson 2010, Diiorio et al. 2014). We found that centrobin-depleted zebrafish embroyos 

showed reduced cilia frequency and organ mislocalisation. Further analysis of the 

involvement of centrobin in the Hh signalling pathway may help to explain the mechanism 

through which centrobin facilitates ciliogenesis, since components of the Hh, PDGF and Wnt 

signalling pathways localise to the primary cilia and are important during embryogenesis 

(Corbit et al. 2005; Schneider et al. 2005; Lancaster et al. 2011; Diiorio et al. 2014). So far, 

our data suggest a novel function for centrobin in human and zebrafish cilia-dependent 

signalling which provocatively raise the possibility that CNTROB is a ciliopathy gene that 

may be of clinical relevance. 

In addition, our data also show that centrobin functions in DNA repair but not in G2/M 

checkpoint activation. A role for centrobin in DNA repair was suggested by its being initially 

described as a BRCA2 interactor (Zou et al. 2005). Furthermore, centrobin interaction with 

FANCD2 was noted in a proteomic study of the interactions of centriolar-cilium proteins 

(Gupta et al. 2015), consistent with the requirement we see for centrobin in efficient 

homologous recombination and crosslink repair. Whether centrobin localises to the nucleus to 

participate in the DNA damage still remains unclear. However, a non-centrosomal pool of 
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centrobin has been previously reported (Jeong et al. 2007, Shin et al. 2015). However, we 

suggest a careful analysis aimed to delineate the underlying molecular mechanisms and the 

subcellular localisation of centrobin in the future. Finally, as CNTROB (Wang et al. 2012a), 

BRCA2 (Duncan et al. 1998) and FANCD2 (Barroso et al. 2006) have been reported as breast 

cancer predisposition genes, further analysis of their functional interactions will define the 

role of centrobin in DNA repair pathways and its relation to the aetiology of human disorders 

such as ciliopathy, microcephaly and cancer. 
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8 Appendix 

8.1 Supporting data 

 

 

 

 

Appendix 1: Genomic DNA sequence trace of comparison of wild-type and CNTROB 
KO 1 
Top panel shows the DNA sequence trace of exon 4 in wild-type hTERT-RPE1 cells. The region that is 
deleted in CNTROB KO 1 clone is highlighted in light-purple. The intron/exon junction that is also 
deleted after CRISPR/Cas9-mediated genome editing is pointed by brown arrow. Bottom panel shows 
the DNA sequence trace from CNTROB KO 1. The altered region is pointed by black arrow. 
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Appendix 2: Genomic DNA sequence trace of comparison of wild-type and CNTROB 
KO 2 
Top panel shows the DNA sequence trace of exon 1 in wild-type hTERT-RPE1 cells. The region that is 
deleted after CRISPR/Cas9-mediated genome editing in CNTROB KO 2 clone is highlighted in purple. 
A codon is underlined to indicate the reading frame. Bottom panel shows the DNA sequence trace from 
CNTROB KO 2. The altered region is pointed by black arrow and the stop codon introduced is 
highlighted in pink. 
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Appendix 3: Neither CNTROB KO clone shows a proliferation defect 
Cells were plated at 5x104 cells and counted every 24 h for 72 h. Each point represent mean of two 
independent experiments and error bar indicates standard error of mean. No significant difference was 
observed between wild-type, CNTROB KO 1 and CNTROB KO 2 at any time point. 
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Appendix 4: Reproduction of the zebrafish phenotypes with a second MO 
MO1 was directed to the centrobin ATG, MO2 to the 5’ UTR A. Live images show gross phenotypes 
of zebrafish embryos injected with control or centrobin MOs at 48 hpf.  Arrowheads indicate 
morphological abnormalities.  Scale bars, 500 nm. B. Quantitation of developmental phenotypes in 
Centrobin-deficient embryos. Each phenotype was quantitated over 3 experiments in the indicated 
number of zebrafish embryos and graphs indicate means ± S.E.M.*, P<0.05; **, P<0.01; ****, 
P<0.0001; by one-way ANOVA. C. Quantitation of appropriate heart looping in wild-type embryos 
and embryos injected as indicated at 48 hpf.  ****, P<0.0001.  Significances were assessed using 
Fisher’s exact test. D. Quantitation of pancreas placement in wild-type embryos and embryos injected 
as indicated at 48 hpf. Correct placement is at right.****, P<0.0001. Significances were assessed using 
Fisher’s exact test. 
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Appendix 5: Representative immunofluorescence microscopy analysis of RÀD51 and γ-
H2AX after IR treatment 
Representative immunofluorescence micrograph showing RAD51 focal recruitment in wild-type and 
CNTROB knockout cells after treatment with 5 Gy IR. Cells were fixed with 4% PFA at the indicated 
time points. Antibodies against γ-H2AX (green) and RAD51 (red) were used with Hoechst to visualize 
DNA (blue). Scale bar, 5 µm. 
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The original data of this report is available on:  

http://jcb.rupress.org/content/early/2018/02/12/jcb.201706095 
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