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Abstract 
 
Centrosome duplication is tightly regulated process that occurs only once per cell cycle. 

Centrosome abnormalities have been observed in cancer cells and in cells with defective DNA 
damage responses. Genotoxic stresses lead to centrosome amplification, which is often observed 

in cancers. Increase in centrosome numbers per cell can lead to defects in cell division caused by 
improper alignment of the mitotic spindle in cells. Checkpoint kinase 1 (CHK1) is a key 

serine/threonine-protein kinase that controls cellular responses to DNA damage. Our lab and 
others have shown that CHK1 is required for DNA damage-induced centrosome amplification. How 

this happens is unclear, as DNA damage occurs in the nucleus of cells and is somehow signalled 
to the centrosome. In order to understand the mechanism and function of a protein it is essential 

to know the precise localisation of the protein. CHK1 is an extensively studied component of the 
DNA damage response (DDR), but its localisation with respect to centrosomes is unclear and 
controversial. 

 
In this thesis, we sought to study CHK1 localisation at centrosomes in chicken DT40 cells by 

tagging GFP to the 5’ end of the CHK1 locus using CRISPR/Cas9. The CRISPR/cas9 approach 
was very efficient in generating a CHK1GFP/GFP cell line and interestingly, we also generated several 

CHK1-/- cell lines. We were also successful in disrupting CHK1 in MCPH1 null cells. We examined 
GFP-CHK1 localisation in CHK1GFP/GFP cells and failed to see any GFP-CHK1 at the centrosomes 

in either unperturbed cells or after DNA damage. Furthermore, we found that the loss of CHK1 
ablated the centrosome hyperamplification after irradiation of MCPH1 null cells.  

 
Based on the successful generation of CHK1GFP/GFP and CHK1-/- cell lines in chicken DT40 cells, 

we sought to use CRISPR/Cas9 to target CHK1 in human cells. We were unable to generate a 
GFP-CHK1 cell line, but we were successful in targeting CHK1. We disrupted a single allele in 
TP53 null hTERT-RPE1 cells, generating a TP53-/- CHK1+/- cell line. We next performed a 

preliminary characterisation of this cell line for proliferation and analysed its cell cycle distribution 
in response to DNA damage. Loss of a single CHK1 allele led to a shift in cell cycle distribution 

when compared to wild-type and TP53 null cells and in response to DNA damage, TP53-/- CHK1+/- 
cells showed little impact on the cell cycle progression. Loss of a single CHK1 allele led to 

decreased centrosome numbers in response to DNA damage. In related experiments, we 
observed that the PLK4-depleted cells showed reduced centrosome amplification after irradiation.  

 
Primary cilia are mechno-chemical sensory organelles. Defects in primary cilia structure and 

signalling cause human diseases such as ciliopathies and cancer. Recent studies have identified 



 

 xiv  

genetic and functional links between ciliogenesis-related proteins and genome maintenance 
factors. We tested whether loss of a CHK1 allele had any impact on primary ciliogenesis. We found 

that serum starved TP53-/- CHK1+/- cells had greatly reduced primary cilia in numbers. The CHK1-
related ciliogenesis phenotype was confirmed by depletion and inhibition of CHK1 in hTERT-RPE1 

cells.  We observed disorganised localisation of the centriolar satellite protein PCM1 in TP53-/- 

CHK1+/- cells.  

 
In summary, our data indicate that endogenously expressed GFP-tagged CHK1 does not localise 

to centrosome in chicken DT40 cells, although CHK1 regulates centrosome numbers after DNA 
damage. In human cells, we identify CHK1 as a positive regulator of ciliogenesis. Our analysis of 

CHK1 adds to the growing evidence for molecular links between centrosome duplication, 
ciliogenesis and DNA damage responses. 
. 
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1 Introduction 
 

1.1 The cell cycle 
Cell cycle is a process in which a series of events occurs in a parent cell that divides into two 

daughter cells. This series of events, duplication of the genome and division into two cells are 
called the cell cycle. A eukaryotic cell cycle contains distinct phases that progress in an orderly 
fashion. There are four phases of the cell cycle, which comprises G1 (G-gap), S (S-synthesis), G2 

and M (M-mitosis). The period of between M phase and the beginning of next phase, which 
includes G1, S, and G2 together is called interphase. G1 phase is known as growth phase and is 

the initial phase of the cell cycle. Along with cell growth, the cell monitors the ability of the cellular 
environment to facilitate DNA replication during the next phase, S phase. If the environment is not 

favourable, then cell may enter G0 phase. G0, also known as cellular quiescence, is a state where 
the cell does not grow or divide. Cells in this phase are in the resting phase. Given the conditions, 

the cells may signal to re-enter G1 resuming the cell cycle. Some cells are terminally differentiated 
and functionally programmed to enter G0, such as neurons or cardiomyocytes. The faithful 

duplication of the genome during DNA synthesis occurs in S phase. Furthermore, during S phase, 
along with DNA replication, centriole assembly factors initiate centriole biogenesis and centrosome 

duplication (Morgan, 2007).   
 
M phase consists of mitosis and cytokinesis. At the onset of mitosis, DNA condenses into 

karyotypically distinct chromosomes, which is followed by the segregation of the duplicated sister 
chromatids that make up each chromosome. Prophase begins with disintegration of nuclear 

membrane breakdown followed by chromosome condensation and separation of the centrosome. 
During prometaphase, there is formation of mitotic spindles, which are attached to centrosomes 

on one end and on the other end, kinetochore, which are located at or near the centromeres of the 
mitotic chromosomes. At this point, kinetochores that are unattached to the mitotic spindles 

generate a checkpoint signal that delay the onset of anaphase until all chromosomes are attached 
and aligned. The delay signal is called as mitotic checkpoint or spindle assembly checkpoint (SAC) 

(Morgan, 2007; Musacchio & Salmon, 2007). Following prometaphase, sister chromatids align at 
the equatorial plate of the bipolar spindle called as metaphase plate. Once an important checkpoint 

mechanism ensures a properly assembled spindle, cells enter anaphase. In anaphase, each pair 
of sister chromatids separates and moves to opposite poles of the cell. Chromatid separation is 

initiated by degradation of the cohesion molecules by the protease separase. During telophase, 
the chromosomes reach the cell poles and start to decondense, the mitotic spindle disassembles, 
and the vesicles that contain fragments of the original nuclear membrane assemble around the 

chromosomes. This is followed by cytokinesis; cells are cleaved at the cleavage furrow dividing 
into two daughter cells each containing identical and equal genetic material. Mitosis and 
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cytokinesis together form the M phase of the cell cycle (Morgan, 2007). In mammalian cells, cell 
division is regulated by mitogenic factors that act in the G1 phase of the cell cycle to activate CDKs 

(cyclin dependent kinases) and transverse a point, termed the restriction point (R), which enables 
cells to commit to a round of cell division independent of growth factors (Blagosklonny & Pardee, 

2002). An illustration of the cell cycle and the various stages of mitosis is shown in Figure 1.1.  

 
Figure 1.1: Schematic illustration of the cell cycle 
The cell cycle is divided into separate phases. In the first gap phase (G1) a cell prepares for DNA 
replication, which occurs during the synthesis (S) phase. Then, the cell enters another gap phase (G2) 
during which the cell grows and prepares for division during mitosis (M).  
 

1.1.1 CDKs and Cyclin 
The cell cycle is a complex regulatory network that controls the transitions of cell cycle events. The 

cell cycle control system is comprised mainly of cyclin dependent kinases (CDKs), a family of 
serine/threonine kinases and their binding partners, the cyclins (Gitig & Koff, 2000; Satyanarayana 

& Kaldis, 2009). CDKs and cyclins form heterodimers with regulatory subunits and catalytic 
subunits, when activated, catalyzes cell cycle progression (Wenzel & Singh, 2018). CDKs remain 

inactive in the absence of their cyclin partners. Specific CDK/cyclin dimers pairs to function in 
specific phases of cell cycle (Figure 1.2). In their activated, cyclin-bound form, CDKs phosphorylate 

a series of downstream proteins, either to activate or inactive the target proteins, when then 
manages the coordinated entry into the next of the cell cycle. Cell cycle regulation events occurs 

through the activity of the distinct CDK/cyclin complex combinations in different phases of the cell 
cycle, which in turn provide additional control to the cell cycle machinery. While levels of CDKs 

remain constant throughout the cell cycle, their activity varies during cell cycle progression. Cyclin 
levels are important, as they determine substrate specificity and regulation of CDK/cyclin 
complexes (Hochegger et al., 2008; Satyanarayana & Kaldis, 2009). The activity of CDK/cyclin 

complexes is further modulated by addition or removal of inhibitory phosphorylation, and by 
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changing in the level of CDK inhibitor proteins during the cell cycle. This regulation of activation 
and inactivation occurs in a precise manner, safeguarding the orderly progression of the cell cycle 

(Enders, 2012). 
 

There are approximately 20 CDK-related proteins and 30 cyclins, but only a few CDK/cyclin 
complexes are known to participate in the cell cycle (Doonan & Kitsios, 2009; Malumbres, 2011; 

Malumbres et al., 2009). CDK activity is regulated by different mechanisms. Binding of cyclin to 
CDK changes the confirmation and CDK becomes a functional kinase. Cyclin expression is strictly 

regulated during the cell cycle, restricting the activation of specific CDK/cyclin complexes at 
different cell cycle stages (Morgan, 1995). The CDK/cyclin complex is activated by CDK-activating 

kinase (CAK) by phosphorylation. 
 

Cyclin abundance is tightly controlled through regulated expression and degradation throughout 
the cell cycle process. Depending on the timing of cyclin expression and functions during cell cycle, 
cyclins are categorized into four classes: G1 cyclins, G1/S phase cyclins, S phase cyclins and M 

cyclins. Early in G1 phase, growth factors stimulate the synthesis of cyclin D, which activates 
CDK4/6 to induce synthesis of downstream targets like cyclin E. During G1/S phase, a rise in cyclin 

E levels and concomitant activity of its partner, CDK2, drives the cell past restriction point. 
Committed cells proceed to DNA synthesis. Subsequently, The S phase cyclins, A and E, are 

required for the initiation of DNA replication and cyclins and A and are required for the cell’s entry 
into mitosis. As stated earlier, cyclin abundance is achieved through regulated expression as well 

as regulated degradation, where cyclin D and E are unstable, and their abundance is primarily 
regulated through transcription. In contrast, both cyclin A and cyclin B are stable throughout most 

of interphase. Thus, cyclins are controlled by multiple mechanisms to maintain the appropriate 
concentrations and restrict cyclin expression to the appropriate cell cycle stage (Morgan, 1995; 

Pines, 2015). 

1.1.2 Regulation of CDK/cyclin complexes 
In early G1 phase, CDK4 and CDK6 are activated by cyclin D. One of the key targets of CDK/cyclin 

complex (CDK4/6) is the retinoblastoma (RB) protein. RB is one of three “pocket protein” families 
of cell cycle regulator proteins, including p107 and p103, and has a major role in restraining the 

transition between G1 and S phases of the cell cycle. The pocket proteins regulate the activation 
of E2F transcription factors during G1 phase, which is required for cell cycle progression (Cobrinik, 
2005). In early G1, the absence of CDK activity leads to binding of pocket proteins to E2F and 

inhbits the transcription of E2F target genes. CDK-dependent phosphorylation of pocket proteins 
disrupts the interaction with E2Fs. There are at least three different CDK/cyclin complexes known 

to phosphorylate pocket proteins during the cell cycle- cyclin D-CDK4/6 acts early in G1, 
CDK2/cyclin E in late G1, and CDK2/cyclin A in S phase. During early G1, mitogenic signalling 

results in the activation of CDK4/6 in association with cyclin D. These CDK/cyclin complexes inhibit 
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the pocket proteins, allowing the initiation of E2F-dependent transcription of genes. Cyclin E is the 
one which is expressed first and binds to CDK2, after which the activated CDK2/cyclin E 

contributes to pocket protein inhibition, E2F target gene induction and entry into S phase. 
Activation of CDK2/cyclin E and cyclin D-CDK4/6 coincides with restriction point, a point at which 

cells no longer require continued mitogenic signalling to complete the cell cycle. In early S phase, 
levels of cyclin E decline and induction of CDK2/cyclin A activity is maintained until mitosis 

(Blagosklonny & Pardee, 2002; Sherr, 1996). 
 

Cyclin D and cyclin E are degraded through ubiquitination once cells are in S phase. The S phase 
includes cyclin A1 and cyclin A2, where cyclin A1 is restricted to the germ cell lineages, cyclin A2 

is present ubiquitously in all cell types. Cyclin A2 is synthesized at the onset of S phase and along 
with CDK2, phosphorylates proteins involved in DNA replication (Fotedar et al., 1996; Harper & 

Elledge, 1996). CDK2/Cyclin A coordinates the end of S phase with the activation of mitotic 
CDK/cyclin complexes. 
 

After the completion of DNA replication, cells enter G2 phase. G2 progression requires 
CDK1/cyclin A2 activity, contributing to the activation of CDK1/cyclin B1.  During the G2 transition, 

cyclin A is degraded by ubiquitin-mediated proteolysis, and cyclin B is actively synthesized. Cyclin 
B associates with CDK1 to initiate mitosis.  CDK1/cyclin B regulate events during the G2/M 

transition as well as during the progression through mitosis. It is the participation of CDK1/cyclin B 
complexes which drive the cell toward the completion of mitosis (Gavet & Pines, 2010; Lindqvist 

et al., 2009). After the onset of prophase, cyclin A is degraded. The phosphorylation of CDK1/cyclin 
B complexes by WEE1 and MYT1 negatively regulates CDK1/cyclin B activity during early mitosis 

(Gitig & Koff, 2000). MYT1-dependent inhibitory phosphorylation of CDK1 on T161 is coupled to 
the activating phosphorylation of CDK1 by CAK, thereby avoiding premature activation of 

CDK1/Cyclin B complex. CDK1 can inactivate both WEE1 and MYT1 as well as stimulating the 
activity of the CDC25 phosphatases, resulting in complete activation of CDK1/Cyclin B complex. 
The CDK1/Cyclin B complex shuttles into the nucleus, after which the inhibitory phosphorylation 

of CDK1 is removed by CDC25C phosphatase. Activated CDK1/cyclin B complex in turn 
phosphorylates CDC25C, which further activates it (Gitig & Koff, 2000; Malumbres, 2011; Nigg, 

2001; O’Farrell, 2001; Schmidt et al., 2017). This results in rapid activation of CDK1/cyclin B at the 
G2/M border.   

 
Finally, inactivation of the CDK1/cyclin B complexes is required for proper exit from mitosis. This 

inactivation is achieved by the degradation of cyclin B by ubiquitin-mediated proteolysis that is 
regulated by the anaphase-promoting complex/cyclosome (APC/C). Once cells enter mitosis, 

segregation of sister chromatids is initiated by the activation of APC/C.  The APC/C is activated by 
binding of the Cdc20 regulatory subunit and by phosphorylation of CDK1. Activated APC/C 
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complex targets securin for degradation; this releases separase activity to release chromatid 
cohesion and triggers anaphase. In parallel, APC also feeds back to inactivate CDK1 by targeting 

cyclin B for degradation and activates phosphatases that oppose CDK activity during mitotic exit 
and reset the cell cycle to a CDK-free G1 state (Musacchio & Salmon, 2007; Sivakumar & Gorbsky, 

2015).  
 

 
Figure 1.2: CDK/cyclin dimers at specific phases of cell cycle 
At early G1 phase, D-type cyclins and CDK4 or CDK6 regulate events in early G1 phase (not shown), 
G1/S phase cyclin E together with CDK2 triggers S phase, cyclin A-CDK2 and cyclin A-CDK1 regulate 
the completion of S phase, and M phase cyclin, cyclin B associates with CDK1 to initiate mitosis. 
 

1.2. The centrosome 
Centrosomes were first described in nineteenth century by cell and developmental biologists, 
including Edouard Van Beneden as well as Theodor Boveri and Walther Flemming. Theodor 

Boveri and Edouard Van Beneden observed that this self-replicating organelle was the main 
organizer of the cell division in fertilized nematode eggs. Boveri also observed that planes of cell 

division were determined by centrosomes and centrosome overduplication can lead to 
supernumerary centrosomes resulting in multipolar spindles. Boveri suggested that the origin of 

malignant tumours is related to centrosome amplification. Boveri termed these structures 
‘centrosomes’ and Walter Fleming described the dark dot-like stained structures within 

centrosomes as centrioles (Bornens & Gonczy, 2014; Scheer, 2014). Centrosomes are 
membrane-free organelles and the principal microtubule organizing centre (MTOC) in animal cells. 

They control microtubule dynamics in the cell, notably during the formation of the bipolar spindle. 
To ensure accurate mitosis, centrosome duplication is normally a closely controlled process that 
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is linked to chromosome replication. Centrosomes coordinate and regulate the nucleation of 
microtubules, cell adhesion, cell polarity, cell motility and intracellular trafficking. Studies in recent 

years have implicated centrosomes as a signalling centres for the integration and coordination of 
signalling networks involved in cell cycle control, development and DNA damage response 

signalling cascades (Conduit et al., 2015; Loffler et al., 2006).  

1.2.1 Centrosome structure and organization 
The centrosome is a small organelle, approximately 1 μm3, with two barrel- shaped centrioles each 

measuring ~500 nm in length and ~200 nm in diameter. Centrioles are made up of nine pairs of 
microtubule triplets arranged symmetrically around a central axis. The microtubules are arranged 

as triplets known as A-, B- and C- tubules. A microtubule triplet is present in the proximal parts of 
the centriole and microtubule doublets (A- and B- tubules) are found in the distal parts of the 

centriole. The microtubules confer polarity on the centrioles: the plus ends of microtubules are 
located at the distal end of the centrioles and the minus ends positioned at the proximal end of the 

centriole (Juliette Azimzadeh & Marshall, 2010; Mónica Bettencourt-Dias & Glover, 2007). The 
mature and older centriole is known as the mother centriole, and the younger centriole is known 

as the daughter centriole. The mother centriole differs from the daughter centriole in terms of its 
age, structure and composition. The distal ends of mature mother centrioles have two sets of 

appendages known as the distal and subdistal appendages, whereas these appendages are 
absent from daughter centrioles. These appendages play an important role in primary cilium 
formation which requires centrioles as a basal body (Azimzadeh & Bornens, 2007; Azimzadeh & 

Marshall, 2010).  
In each centrosome, the two centrioles are connected by their proximal ends with a proteinaceous 

fibre linker allowing them to be flexible but stay in close proximity. The centrioles are surrounded 
by a proteinaceous matrix, PCM, which acts as an anchor for the binding of centrosomal proteins 

and for microtubule nucleation. The PCM also plays a crucial role in procentriole synthesis during 
centriole duplication, giving rise to the daughter centriole from a pre-existing mother centriole. The 

procentriole or new daughter centriole is formed at the proximal end of the mother centriole. The 
daughter centrioles are assembled around a central cartwheel assembly. In human cells, 

cartwheels are disassembled as the procentriole matures after exit from mitosis.  The mature 
daughter centriole is transformed into a mother centriole. This mother centriole synthesizes a new 

daughter centriole in next cycle and also involved in organizing its own pericentriolar material 
(Bettencourt-Dias & Glover, 2007; Doxsey, 2001; Luders & Stearns, 2007). 
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1.2.2 The pericentriolar material 
The centrosome is surrounded by the pericentriolar material (PCM).  The PCM is an electron 

dense, coiled-coil protein scaffold that function in microtubule nucleation and anchoring roles of 
centrosome. Until recently, the PCM was considered as a relatively amorphous structure, based 

on the electron microscopy experiments. However, recent studies that used subdiffraction imaging 

revealed a dynamic and ordered structure of the PCM. Pericentrin (PCNT), g-tubulin, 

CDK5RAP2/CEP215 and AKAP450 are PCM components (Fu & Glover, 2012; Lawo et al., 2012; 

Mennella et al., 2012; Sonnen et al., 2012). The microtubule nucleation and anchoring activities of 

the PCM are mediated by a tetrameric g-tubulin complex, components of g-tubulin small complex 

(gTuSC), which is then arranged in a ring structure known as the g-tubulin ring complex (γTuRC)  

(Moritz et al., 2000; Wiese & Zheng, 1999; Zheng et al., 1995). Pericentrin and g-tubulin interact 

each other, forming a toroidal structure that acts as a docking scaffold for microtubule-nucleating 

γTuRC complexes. Recent positional mapping of proteins revealed a highly ordered organisation 
of PCM proteins around the centrioles, of which pericentrin and CDK5RAP2 are important for the 

organisation and assembly of PCM (Lawo et al., 2012; Mennella et al., 2012). As cells progress 
towards mitosis, PCM volume and microtubule nucleating capacity increase in a manner that is 

synchronised with centriole maturation. This process requires PCNT activities to associate PCM 

and the centrioles. Pericentrin associated g-tubulin acts as a docking unit for microtubule 

nucleation (Fu & Glover, 2012; Lawo et al., 2012). The increased PCM volume also facilitates the 
increased microtubule nucleation for the formation of a bipolar spindle. Aside from these 

processes, PCM expansion also occurs after DNA damage, which is dependent on CHK1, MCPH1 
and PCNT, and PCM expansion facilitates increased centrosome amplification induced by DNA 

damage (Antonczak et al., 2016). 

1.2.3 Centriolar satellites 
Centriolar satellites are small granules that cluster around centrosomes and basal bodies. These 

structures and their regulation are poorly understood. Centriolar satellites are found throughout the 
interphase cells and disappear during mitosis, and their size, abundance and localization varies 

depending on the cell types (Firat-Karalar et al., 2014; Kubo, 2003; Tollenaere et al., 2015). 
Centriolar satellites are mostly found around the centrosome and, to a lesser extent in the 

cytoplasm during interphase (A. Kubo, 2003). Centriolar satellites are known to be involved in 
ciliogenesis and microtubule organization (Dammermann & Merdes, 2002; Hori & Toda, 2016). 

One of the earliest centriolar satellite proteins described was PCM1, a large protein that is rich in 
coiled-coil domains, which are mostly present at the N-terminus of the protein (Balczon et al., 1994; 

Akiharu Kubo et al., 1999). PCM1 acts as a central scaffold for centriolar satellite organization and 
recruits other satellite components including CEP290, AZI1/CEP131, and OFD1 (Barenz et al., 

2011; Firat-Karalar et al., 2014; Staples et al., 2014, 2012). PCM1 plays an important regulatory 
role in the maintenance of centriolar satellite integrity (Hori & Toda, 2016). Depletion of PCM1 
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results in a G1 arrest through the activation of p38-p53 signalling pathway during the cell cycle 
and its depletion also leads to the disappearance of other centriolar satellite proteins (Mikule et al., 

2007; Srsen et al., 2006; Tollenaere et al., 2015). This shows the importance of PCM1 in the 
maintenance of centrosome and centriolar satellite integrity. A recent study demonstrated that 

centriolar satellites are required for the centrosomal localisation of CDK2, a cyclin-dependent 
kinase. Microcephaly-associated proteins and centriolar satellites partner to ensure the recruitment 

of centrosome proteins in bringing CDK2 to the centrosome and mediating centrosome duplication, 
further supporting centriolar satellites’ involvement in centrosome regulation (Kodani et al., 2015).  

Earlier, centriolar satellite proteins were also observed to be involved in centrosome amplification 
(Staples et al., 2012). Upon DNA damage, excessive centriolar satellites were observed at 

centrosomes, providing a platform for centrosomal proteins to promote centrosome amplification 
(Loffler et al., 2013; Prosser et al., 2012). Recent studies also indicate that centriolar satellites 

respond to a variety of stresses, including UV, heat shock and proteotoxic agents. Cellular stress 
triggers centriolar satellite remodelling, which requires p38. p38 activates downstream kinase MK2 
(MAPK-activated protein kinase 2), which in turn phosphorylates CEP131 and promotes interaction 

with 14-3-3. The association of 14-3-3 with CEP131 results in the blockage of the new centriolar 
satellite formation (Tollenaere et al., 2015). The stress response also results in dispersion of 

satellite proteins like PCM1 and CEP290 from the pericentriolar region. This centriolar satellite 
remodelling can lead to promotion cilia formation (Villumsen et al., 2013). 

 
Centriolar satellite proteins were observed around the basal body, prompting the examination of 

their role in ciliogenesis. Deletion of PCM1 led to reduced cilia numbers, with changes in the 
centrosomal and cellular levels of key ciliogenesis factors (Odabasi et al., 2019).  PCM1 interacts 

with the BBSome, a stable multiprotein complex localizing to the ciliary transition zone (Zhang et 
al., 2012). The BBSome is a complex of seven conserved proteins. BBS4 is one of the proteins 

from this complex that localizes to centriolar satellites through interaction with PCM1, CEP131 and 
CEP290 (Chamling et al., 2014). Depletion of PCM1 leads to CEP72 and CEP290 relocalization 
from centriolar satellites to the PCM (Stowe et al., 2012). Several siRNA studies also indicated that 

PCM1 and other satellite proteins are required for targeting of BBS proteins to the primary cilium. 
Recent studies also indicate that CEP131 depletion results in the accumulation of BBS4 and the 

BBSome at the ciliary transition zone. This suggest the importance of centriolar satellite proteins 
as mediators of ciliogenesis by regulating BBSome accumulation at cilia (Graser et al., 2007; Kim 

et al., 2004). In recent studies, the ubiquitin E3 ligase, MIB1, was shown to ubiquitylate PCM1 and 
CEP131, which is independent of p38 activation. Upon depletion of MIB1, ubiquitylation of PCM1 

and CEP131 was decreased upon serum starvation (Wang et al., 2016). Another study also 
observed OFD1 (oral-facial-digital syndrome 1) to have inhibitory functions at centriolar satellites 

that antagonize ciliogenesis (Lopes et al., 2011). OFD1 plays a role in recruitment of IFT88 to distal 
appendages of the mother centriole and facilitates plasma membrane docking of the centrosome 
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(Singla et al., 2010). An essential cilium biogenesis protein, C2CD3, facilitates the recruitment of 
distal appendage proteins, which includes CEP164. CEP164 plays an important role in 

establishing primary cilium formation (Daly et al., 2016; Graser et al., 2007). The loss of C2CD3 
leads to failure of TTBK2 recruitment, which is required for the removal of CP110 from the basal 

body of cilium. C2CD3 is also required for recruitment of intraflagellar transport proteins like IFT88 
and IFT52 to the mother centriole. C2CD3 is essential for ciliary protein recruitment to vesicles 

docking at the mother centriole (Ye et al., 2014). PCM1 also recruits PLK1 to the PCM, where 
PLK1 activates HDAC6 to promote ciliary resorption. The interaction of PLK1 and PCM1 is 

mediated by CDK1 as a priming kinase. This explains the possible mechanism for PLK1-mediated 
ciliary disassembly before mitotic entry and the involvement of PCM1 in the regulation of 

ciliogenesis (G. Wang et al., 2013). Recent studies have also implicated PLK4 in ciliogenesis 
through PCM1. It was shown that PLK4 physically interacts with PCM1 and phosphorylates it at 

S372, which is critical for the pericentriolar localization of centriolar satellites during G1 phase of 
the cell cycle. PLK4 depletion leads to dispersion of PCM1 upon serum starvation and perturbed 
ciliogenesis. It remains unclear how PLK4 dysfunction leads to ciliary defects (Hori et al, 2016; 

Hori & Toda, 2016). 

 
Figure 1.3: Structure of a centrosome 
A. Schematic of a typical mature parent centriole and a tightly associated procentriole. The procentriole 
is assembled on a cartwheel structure at the proximal end of the daughter centriole. Each of the 
centrioles is composed of microtubule triplets at their proximal ends and microtubule doublets towards 
their distal ends. Only the mother centriole has two sets of appendages: distal and subdistal 
appendages. Both the centrioles are embedded in the PCM and are connected by flexible intercentriolar 
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linker. Image was Modified from (Nigg & Holland, 2018). B. Electron micrograph of a human centrosome 
shown in longitudinal section and cross sections of the centrioles, MC-mother centriole, DC-Daughter 
centriole. Cross sections of the centriole, 1. Distal appendages, 2. Subdistal appendages, 3. Mid-
section of the centriole, 4 & 5. Proximal section of the centriole (Hagan & Palazzo, 2006). 

1.3. The centrosome cycle 
Centrosomes are crucial during mitosis for spindle assembly to ensure proper chromosome 
segregation and cytokinesis (Conduit et al., 2015). Any errors in the centrosome duplication 
process lead to centrosome aberrations that affect bipolar spindle formation and results in 

chromosome missegregation. The centrosome duplication cycle and chromosome segregation 
have to be coordinated and tightly regulated during the cell cycle (Pellman, 2014). In cycling cells, 

the parental centrioles duplicate once per cell cycle to form two centrosomes to direct the formation 
of bipolar spindles during mitosis. The centriole duplication cycle is a complex process, tightly 

regulated during proliferation and development.  

1.3.1 Centriole disengagement 
During mitosis, each centrosome is composed of a pair of ‘engaged’ centrioles, arranged in an 

orthogonal conformation. Centriole engagement is thought to prevent centriole reduplication in the 
same cell cycle. In early G1 phase, centrioles are separated through a process called centriole 

disengagement. This process creates a platform for procentriole synthesis at the proximal ends of 
each of the centrioles during S phase (Tsou & Stearns, 2006). Disengagement requires the activity 

of PLK1 kinase and the protease activity of separase, which also promotes sister chromatid 
separation during mitosis (Tsou & Stearns, 2006; Tsou et al., 2009). Centriole disengagement and 

chromatid separation use a similar mechanism. Sister chromatids are held together by a cohesin 
protein complex consisting SCC1, SMC1, SMC3 and SA1/SA2 (Schöckel et al., 2011; Tsou et al., 

2009). The cohesin complex that links engaged centrioles is released by  separase-mediated 
SCC1 proteolysis (Schockel et al., 2011; Tsou et al., 2009). It was also shown that separase is 
activated by targeting early mitotic inhibitor 1 (Emi1) degradation by E3 ligase anaphase complex 

(APC/C), thus preventing premature disengagement (Hatano & Sluder, 2012; Prosser et al., 2012). 
PLK1 and APC/C also independently mediate centriole disengagement. PLK1 interacts with the 

smaller isoform of Shugoshin 1 (sSgo1), which localizes to centrosomes and functions in the 
protection of centriole cohesion in a PLK1- dependent manner. Mutation of sSgo1’s PLK1 

phosphorylation site results in premature centriole splitting during mitosis (X. Wang et al., 2008). 
Furthermore, the PCM component pericentrin is also targeted by separase at the centrosome 

during mitosis in Xenopus eggs. This is important for protecting engaged centrioles from premature 
disengagement (K. Lee & Rhee, 2012; Matsuo et al., 2012). Interaction between AKi kinase 

interacting protein (AKi1) and cohesin in the centrosome prevents premature disengagement 
(Nakamura et al., 2009). Astrin, a microtubule and kinetochore-associated protein functions as an 

inhibitor of centrosomal separase and also modulates disengagement process (Thein et al., 2007). 
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After disengagement, the centrioles move apart, and separated centrioles recruit their own distinct 
PCM components in preparation for procentriole synthesis. 

1.3.2 Procentriole synthesis and elongation 

After disengagement, the orthogonal arrangement is lost between the mother and daughter 
centrioles. This enables the assembly of components for procentriole synthesis during G1/S 

phase. During this stage, both the centrioles prepare to synthesize a new procentriole. They are 
tethered by a proteinaceous linker composed of large coil-coiled linker proteins like rootletin, C-

NAP1/CEP250, CEP215 and CEP68 (Fry, 2015; Fry et al., 1998; Graser et al., 2007; Pagan et al., 
2015). During the initial stage of procentriole synthesis during G1/S phase, procentrioles form at 
positions perpendicular to the proximal ends of the existing parental centrioles (Juliette Azimzadeh 

& Marshall, 2010). Early procentriole assembly initiates with the formation of a small tube-like 
structure called cartwheel at the proximal end of the pre-existing centrioles. The cartwheel consists 

of a central tube-like hub surrounded by nine symmetrical spokes. SAS-6 localizes at the centre 
of the cartwheel assembly (Hirono, 2014). Centriole duplication is initiated by a key protein, Polo 

like kinase 4 (PLK4) (Habedanck et al., 2005). PLK4 is regulated by the ordered interaction of 
CEP192 and CEP152. The most upstream aspect of procentriole assembly is initiated by CEP192 

by recruiting PLK4 kinase to the centriole. Together with PLK4, CEP152 is recruited to the 
centrioles through the interaction with CEP192. CEP152 localizes to the outer ring and CEP192 to 

the inner ring around the centriole barrel (parental barrel) (Fujita et al, 2016; Kim et al., 2013; 
Sonnen et al, 2013). CEP63 also colocalizes with CEP152 at the proximal end of the mother 

centriole wall through direct interaction to promote centriole duplication (Brown et al., 2013; Sir et 
al., 2011). PLK4 triggers centriole assembly by recruiting STIL and SAS-6 to each mother centriole; 

it phosphorylates STIL to facilitate STIL-SAS6 interaction, triggering SAS-6 recruitment to the sites 
of procentriole assembly (Arquint & Nigg, 2016; Kratz et al., 2015; Ohta et al., 2014). Subsequently, 
these proteins recruit CPAP to the central hub of the cart wheel, leading to the assembly of 

procentriolar microtubules (Tang et al., 2011). SAS-6 localizes to the central hub and 
homodimerizes through a coiled-coil domain. Recently, SAS-6 was observed to be transiently 

recruited to the lumen of the mother centriole. SAS-6 interaction with the luminal wall results in 
assembly of nine-fold symmetry structure and the assembled SAS6 oligomer is repositioned to the 

luminal wall of the mother centriole for procentriole synthesis. This process is dependent on PLK4 
and STIL (Fong et al., 2014).  

 
The nascent daughter centriole is composed of nine radially arranged microtubule triplets around 

the cartwheel. Each triplet contains A, B and C tubules. The A-tubule is nucleated by a conical 

structure which resembles the g-tubulin ring complex (g-TuRC) structure. The B and C tubules are 

formed from the wall of A and B tubules, respectively. e-Tubulin is required for the addition of  Band 

C tubules and d-tubulin is required for C tubules addition (Fujita et al., 2016). During centriole 
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assembly, CEP135 interacts with SAS-6, which serves to connect SAS-6 to CPAP and the outer 
of the microtubule triplets. Depletion of CEP135 disturbs CPAP centriolar localisation and blocks 

CPAP induced centriole elongation. Depletion of CEP135 also leads to the formation of abnormal 
centriole structures, with altered microtubule triplet numbers and shorter centrioles (Lin et al., 

2013). There are number of conserved components involved in the regulation of centriole 
elongation, including centrobin, CEP120 and CPAP (Gudi, Zou, Li, & Gao, 2011; Mahjoub et al., 

2010; X. Zheng et al., 2016). After procentriole formation, elongation of the distal centriole region 
occurs during S/G2 phase. During this process, CEP135 interaction with SAS-6 stabilizes the 

cartwheel structure and recruits microtubules to the cartwheel structure during centriole elongation 
in a CPAP-mediated manner (Lin et al., 2013). Overexpression studies of CPAP show 

accumulation of centriolar tubulin, resulting in increased centriolar length. Depletion of the centriole 
capping protein, CP110, resulted in elongation of microtubule structures from centrioles (Schmidt 

et al., 2009; Tang et al., 2009). CEP120 interacts with CPAP and SPLICE1 to positively regulate 
centriole elongation. CEP120 also localizes to daughter centriole and plays an essential role in 
centriole assembly (Comartin et al., 2013; Lin et al., 2013; Mahjoub et al., 2010). In addition, it was 

shown that CPAP phosphorylation by PLK2 is critical in procentriole formation during centrosome 
duplication (Chang et al., 2010). Centrobin and POC1 expression levels play a role in centriole 

duplication and centriole elongation (Gudi et al., 2015; Gudi et al., 2011; Keller et al., 2009). 
CP110, CEP97 and KIF24 interact each other. Cep97 recruits CP110 to the centrosome. CP110 

localizes to the distal end of the centrioles, where it acts as a capping structure, determining the 
final length of the centrioles (Kobayashi et al., 2011; Kohlmaier et al., 2009; Schmidt et al., 2009; 

Spektor et al., 2007).   

1.3.3 Centrosome maturation 

During centrosome maturation, the ability of centrosomes to nucleate and anchoring microtubules 

increases towards the end of G2 phase as well as in mitosis. Centrosome maturation is marked 
by increasing acquisition of PCM and associated proteins. Assembly of appendage proteins on the 

new mother centriole occurs during this stage  (Juliette Azimzadeh & Marshall, 2010; Fujita et al., 
2016). This process is regulated by microtubule associated proteins, microtubule nucleating 

complexes and a number of kinases. PLK1 and Aurora A kinases are required for microtubule 
nucleation and PCM organization. PLK1 interacts and phosphorylates various PCM proteins 

including pericentrin, CEP192, NEDD1 and CDK5RAP2 (Lee & Rhee, 2011; Santamaria et al., 

2011). Inhibition of PLK1 leads to accumulation of a g-tubulin complex, causing impaired 

microtubule nucleation (Haren et al., 2009). PLK1 also phosphorylates Ninein-like protein (Nlp) 
and displaces it from the centrosome, which is important for centrosome maturation. During 

interphase, Nlp binds to g-TuRCs to stimulate microtubule nucleation (Casenghi, 2005; Martina 

Casenghi et al., 2003). Thus, PLK1 regulates both the association and dissociation of centrosomal 
proteins during centrosome maturation. PLK1 activation in G2 phase is also required during mitosis 
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to maintain the PCM structure of the centrosome (Mahen et al., 2011). The modification of daughter 
centrioles by PLK1 makes centrosomes competent for recruiting PCM proteins involved in 

microtubule nucleation during G2/M phase (Fujita et al., 2016; Wang , 2011). Overexpression of 
PCNT or CDK5RAP2 can result in PCM expansion, this indicates the ability of PCM components 

to undergo polymerisation independent of the mitotic-kinase mediated PCM expansion. Thus, 
PLK1 and Aurora A kinase mediate rapid and spontaneous PCM assembly increasing microtubule-

nucleating activity during mitosis. In addition to PCM expansion during centrosome maturation, 
PLK1 is also required for the assembly of distal and subdistal appendages. Overexpression of 

PLK1 stimulates premature accumulation of appendage proteins and assembly of appendage 
proteins on younger centrioles. Inhibition of PLK1 during S and G2 phase prevents appendage 

assembly on young parental centrioles (Kong et al., 2014).  

1.3.4 Centrosome separation 

During the G2/M transition, the duplicated centrosomes are connected at the end of proximal ends 

of the two parental centrioles. this connection is termed a G1-G2 tether. The dynamic S-M linker 
forms during S phase and attaches the nascent procentrioles to the lateral surfaces of the mother 

centrioles (Nigg & Stearns, 2011). At late G2 phase, the G1-G2 tether disassembles to form bipolar 
spindle assembly allowing faithful chromosome segregation. C-NAP1, CEP68 and rootletin are 

some of the proteinaceous linker proteins involved in maintaining centrosome cohesion. 
Centrosome separation occurs through the dissolution of the proteinaceous linker that connects 

the two mother centrioles in a phosphorylation-dependent manner by NEK2 kinase. NEK2 
localizes to the centrosome and triggers centrosome separation by phosphorylation of the 
centrosome linker proteins at G2/M transition (Fujita et al., 2016). NEK2 phosphorylation of CNAP1 

leads to disruption of interaction between CNAP1 and CEP135 (Hardy et al., 2014). The 
phosphorylation of C-NAP1 and rootletin drives centrosome disjunction and centrosome migration 

to the spindle poles. Hyperphosphorylation of C-NAP1 at C-terminal by NEK2 prevents its 
oligomerisation and interaction with CEP135 and rootletin, this disrupts the stability of the 

intercentriolar linker.  
 

After centrosome separation, the Eg5 kinesin separates centrosome in a force-dependent manner. 
The separated centrosomes move to opposite directions to form bipolar spindles through the 

organization of motor proteins. Eg5, in combination with dynein motor proteins, generates the 
principal force necessary for centrosome separation (Mardin & Schiebel, 2012). NEK6 

phosphorylates Eg5, which is important for PLK1-mediated targeting of Eg5 to the centrosome 
(Bertran et al., 2011). Nuclear envelope associated dynein drives centrosome separation in 

prophase, during which dynein pulls the centrosomes along the nuclear envelope and pushes 
outward to coordinate prophase centrosome separation in an Eg5-dependent manner 
(Raaijmakers et al., 2012). The illustration of the cell cycle and centrosome duplication is shown 

in Figure 1.5 
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Figure 1.4: Illustration of cell cycle and centrosome duplication 
Diagram shows centrosome cycle stages at the indicated cell cycle phases. At G1 onset, both the 
centrioles are ready and licensed for procentriole nucleation during G1/S phase (centriole 
disengagement). During S phase, the new procentrioles are assembled on cartwheel structures at the 
proximal ends of the parental centrioles (centriole duplication initiation) and elongation occurs through 
the S/G2 phase (centriole elongation). During G2 phase, the two centrosomes recruit additional PCM 
and the new mother centriole acquires two pairs of appendages: distal and sub-distal appendages 
(centrosome maturation). Before mitosis, the G1-G2 tether is degraded to separate the centrosome 
(centrosome separation). During mitosis, the two centrosomes migrate to form the bipolar spindle. 
 

1.4 DNA damage response 

The genetic material in the genome is under continuous threat from both endogenous and 
exogenous stresses that damaging DNA, generating approximately 105 spontaneous DNA lesions 

per cell per day. These lesions can be caused  due to endogenous stress by reactive oxygen 
species from cell metabolism and DNA replication errors such as stalled and collapsed replication 

forks (Hoeijmakers, 2009; Lindahl & Barnes, 2000). Exogenous stress can cause DNA damage by 
ionizing radiation, ultraviolet radiation and chemical agents inducing different forms of DNA lesions 

in cells, including base modifications, DNA crosslinks as well as breaks in DNA such as single 
strand and double strand breaks (DSBs) (Ciccia & Elledge, 2010). These lesions pose a potential 

threat to cells, and if left unrepaired, can derail cellular functions like DNA replication and 
transcription thereby leading to chromosomal aberrations, which can cause cancer and other 
diseases. To counteract DNA damage, cells have evolved efficient repair mechanisms specific for 

different types of DNA lesions. The cellular mechanisms coordinate a choice of complex signalling 
repair pathways to employ efficient DNA repair, this process is termed as DNA damage response 
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(DDR). This DNA damage response is a sophisticated network which includes a set DNA repair 
mechanism, damage tolerance processes, and cell cycle checkpoint pathways. 

The DDR is a complex signal transduction pathway composed of sensors, mediators, transducers 
and effector proteins. The DDR signalling cascade includes an important group of proteins which 

acts as transducers. These proteins functions mainly as cell cycle checkpoint components. Upon 
DNA damage, a cell cycle delay or checkpoint is activated and maintained until the damaged DNA 

is repaired; failure in this process leaves cells with unrepaired DNA and leads to apoptosis or 
senescence. DNA damage triggers the activation of key proteins: ATM (Ataxia telangiectasia, 

mutated), ATR (Ataxia telangiectasia and Rad3-related) and DNA-PK (DNA-dependent protein 
kinase), serine-threonine kinases of the phosphoinositide-3-kinase related protein kinase (PIKKs) 

family, as well as members of the poly (ADP-ribose) polymerase (PARP) family (Falck et al., 2005). 
The PIKK kinases initiate DDR signalling cascades by phosphorylating key effector proteins, which 

include CHK1 and CHK2 kinases at serine and threonine residues. This allows amplification of the 
DDR signal and activation of cell cycle checkpoint delay as well as the recruitment of DNA repair 
proteins to DNA damage sites. The cell cycle arrest is also maintained through the regulation of 

tumour suppressor, p53 transcriptional activity by ATM and ATR signals, which results in increased 
levels of CDK inhibitor, p21, and other targets. The PARP polymerases - PARP1 and PARP2, 

catalyse the addition of poly (ADP-ribose) chains on proteins to recruit DDR factors to DNA break 
sites.  

1.4.1 DNA damage checkpoints 

After DNA damage, the cell cycle is paused in order to give sufficient time to cell to repair the 
damaged DNA before cell division resumes. Proteins that are recruited to DNA damage sites 

typically activate G1/S checkpoint, Intra-S checkpoint, G2/M checkpoint and spindle assembly 
checkpoint. During this process, CHK1 and CHK2 are important for efficient checkpoint activation 

in response to DNA damage. 

1.4.1.1 The G1/S checkpoint 

In response to DNA damage during G1 phase activates a checkpoint to block cells from entering 
S phase. Upon DNA damage, ATM and ATR phosphorylates CHK2 and CHK1, respectively. Both 

activated CHK1 and CHK2 phosphorylate CDC25A, targeting it for degradation. The degradation 
of CDC25A leads to accumulation of phosphorylated CDK2 and inhibits its interaction with cyclin 
E, thus blocking cells progressing from G1 to S phase. In addition, ATM/ATR can directly 

phosphorylate p53 at Ser15, while CHK1/CHK2 can phosphorylate p53 on Thr18 and Ser20 to 
induce cell cycle checkpoint arrest. The activation and stabilisation of p53 results in the induction 

of a large variety of transcriptional targets, including CDK inhibitor protein p21. Accumulated of 
p21 binds to and inhibits the CDK2/cyclin E complex to halt the G1/S transition. The loss of p53 or 

p21 perturbs the G1 checkpoint. p21 also binds to the CDK4/cyclin D complex, which prevents it 
the phosphorylating of RB. The resulting loss of RB phosphorylation repress the activity of 
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transcription factor E2F (required for the transcription of S phase genes), thus preventing entry 
into S phase.   

1.4.1.2 The intra-S phase checkpoint 
The S phase checkpoint ensures the fidelity of S phase, as it has the ability to halt or slow the rate 

of DNA synthesis. The checkpoint involves either ATM or ATR activity depending on the DNA 
lesions. Errors in S phase commonly result in single stranded DNA (ssDNA), to which in response 

RPA localises to ssDNA, to initiate the checkpoint response by binding of ATR, which subsequently 
leads to the stabilisation of replication forks. The accumulation of ATR and its regulatory protein 
ATRIP complexes at DNA damage sites results in the activation of ATR. ATR/ATRIP directly 

interacts with ssDNA-bound RPA and promotes ATR localisation to sites of replication stress and 
DNA damage. The RPA-assisted ATR/ATRIP complex then interacts with DNA-damage specific 

RAD 9-1-1(RAD9–RAD1–HUS1 clamp). This is followed by phosphorylation of 9-1-1 enabling its 
association with TopBP1 (DNA topoisomerase 2-binding protein 1) and leading to activation of 

ATR. The other known activator of ATR is ETAA1 activator of ATR kinase (ETAA1). ETAA1 
interacts directly with RPA and is recruited to RPA-ssDNA, where it activates ATR through its ATR 

activation domain (Bass et al., 2016; Haahr et al., 2016). ETAA1 is also important for the activation 
of ATR in regulating cell cycle transitions even in the absence of replication stress and DNA 

damage (Saldivar et al., 2018). If ATR is defective, the ssDNA undergo resection to produce DSBs, 
allowing ATM signalling (Ira et al., 2004; Zou & Elledge, 2003). 

 
In response to DSB, the intra-S phase checkpoint activation requires ATM, MRN complex and 
BRCA1 to sense and initiate signalling cascade to repair damaged DNA. Presence of DSB 

activates ATM-CHK2-CDC25A pathway and in case of ssDNA at stalled replication forks, ATR-
CHK1-CDC25A pathway is activated to inhibit CDK2 activation. This prevents CDC45 loading onto 

origin of replication. CDC45 is required for the recruitment of DNA polymerase α into assembled 
pre-replication complexes, and initiation of DNA replication, thus activation of intra-S phase 

checkpoint inhibits additional DNA synthesis and origin firing (Falck et al., 2001). In an independent 
pathway, ATM phosphorylation of SMC1 (Structural maintenance of chromosomes protein 1) and 

FANCD2 (Fanconi Anemia Complementation Group D2) through NBS1 dependent pathway 
inhibits DNA replication. SMC1 phosphorylation leads to loss of sister chromatid cohesin, while 

FANCD2 phosphorylation stimulates BRCA1-mediated GADD45 transcription involved checkpoint 
activation. Once the damage is repaired, cells continue DNA replication and cell cycle progression. 

1.4.1.3 The G2/M checkpoint   

The G2/M checkpoint prevent cells from initiating mitosis in presence of unrepaired DNA damage, 
whether it be induced or whether it arose in G1 and S phase. CDK1/cyclin B is inhibited by 

ATM/ATR phosphorylation of CHK1/CHK2 which in turn phosphorylates CDC25C phosphatase. 
CDC25C phosphorylation at Ser216 inhibits its ability to dephosphorylate and activate CDK1 for 
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its activity during mitosis (Bartek & Lukas, 2003) . In addition to p21 CDK inhibitor, p53 is 
responsible for the upregulation of cell cycle inhibitors, GADD45A (growth arrest and DNA-damage 

inducible 45 alpha) and 14-3-3 proteins, which contribute to G2/M cell cycle arrest (Jin et al., 2003; 
Wang et al., 1999). 14-3-3 removes essential mitotic regulators, CDC25C preventing its nuclear 

localisation and thereby sequestering its interaction with CDK1. In addition, WEE1 kinase activity 
is upregulated upon detection of DNA lesions in G2 phase. WEE1 kinase phosphorylates CDK1 

at Thr14 and Tyr15, resulting in the inhibition of CDK1/cyclin B activity (Lindqvist et al. 2009).  
Furthermore, CHK1/CHK2 phosphorylate and inhibit PLK1 (polo like kinase 1) from activating 

CDC25C during G2/M checkpoint. PLK1 paves the way for degradation of WEE1 by 
phosphorylating its Ser53 residue thus promoting G2/M progression.  

1.4.1.4 The spindle assembly checkpoint 

To ensure proper segregation of sister chromatids, the spindle assembly checkpoint (SAC) 
monitors mitotic progression during mitosis. Defects in SAC leads to mis-segregation of 

chromosomes and can cause aneuploidy. The SAC monitors the status of kinetochore- 
microtubule attachment during spindle assembly. In the presence of unattached kinetochores, 

SAC is activated to inhibit anaphase (Foley & Kapoor, 2013; Lara-Gonzalez et al., 2012). Once 
SAC is activated, the checkpoint machinery is assembled at the unattached kinetochores; the SAC 

signals to promote the formation of MAD2-CDC20 and the mitotic checkpoint complex composed 
of MAD2-CDC20-BUBR1-BUB3. This complex delay early chromosome segregation by 

inactivating CDC20, a co factor of the APC/C (Sudakin et al., 2001). The APC/C-CDC20 complex 
triggers chromosome segregation and the proteasome- dependent degradation of cyclin B and 
securin. The SAC halts the polyubiquitylation of cyclin B and securin, by negatively regulating the 

ability of CDC20 to activate APC/C to delay mitotic exit. The SAC is active until the bi-orientation, 
to ensure the segregation of sister chromatids during anaphase. Cyclin B and securin start to 

deplete after the chromosome is aligned prior to the anaphase. The proper alignment of 
chromosome at the spindle equator, will allow the cells to progress towards anaphase and 

segregation of sister chromatids (Lara-Gonzalez et al., 2012; Musacchio & Salmon, 2007; Nilsson 
et al., 2008). Many studies also have implicated kinases and phosphatases in signalling 

mechanism to regulate the SAC in presence and absence of stress (Manic et al., 2017). CHK1, a 
checkpoint kinase was also shown to play a role in the spindle checkpoint, where CHK1 blocks 

spontaneous chromosome missegregation. In this study, CHK1-deficient cells fail to arrest in 
mitosis in the presence of taxol (Microtubule stabilization); CHK1 amplifies spindle signalling in 

order to ensure the regulation of Aurora B and BUBR1 during prometaphase (Zachos et al., 2007). 
In recent studies, the SAC was shown to mediate DNA repair through CENPA interactions with the 

nuclear periphery in C. elegans (Lawrence et al., 2015). The Pds1/securin abundance was secured 
even when S phase checkpoint response is abrogated in ATM/ATR double null mutant cells. When 
these cells were exposed to DNA damage agents, securin was stabilised in a SAC dependent 
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manner, indicating SAC might play a part to control DDR that prevents segregation of damaged 
chromosomes (Palou et al., 2017). 
 

 
Figure 1.5: DNA damage response and regulation of cell cycle checkpoints 
During G1, the p53-p21 pathway inhibits G1 CDKs. During ongoing DNA replication and in response to 
replication stress, the ATR-CHK1 protein kinase cascade phosphorylates and inactivates CDC25C, this 
activates G2/M checkpoint by preventing the activation of mitotic CDKs and inhibits entry into mitosis. 
In response to genotoxic insults, the ATM or ATR protein kinases inhibit CDK activity via CDC25 
phosphorylation by CHK1/CHK2. They also activate p53, which induces production of the CKI p21. 
Thus, delaying cell cycle progression by blocking G1/S transition or from G2/M transition. The cell cycle 
checkpoint pathways are indicated in red.  

1.4.2 Double-stranded break repair 

DSBs are most cytotoxic form of DNA damage, which can arise from genotoxic stress such as IR, 
other chemical agents and UV. DSB repair is critical for the maintenance of genome stability and 

cell survival (Jackson & Bartek, 2009).  Inaccurate DSB repair can result in chromosomal 
aberrations and various human diseases, including cancer. There are two major pathways: non-

homologous end joining (NHEJ) and homologous recombination (HR), that cells have evolved to 
repair DSBs. DSBs initiate chromatin modification as an early event to trigger a cascade of 

signalling proteins to DSB sites. This includes recruitment of ATM/ATR activation, H2AX 
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phosphorylation, chromatin PARylation, recruitment of MDC1, 53BP1 and BRCA1. (Chatterjee & 
Walker, 2017; Gottschalk et al., 2009; Liu et al., 2014; Price & D’Andrea, 2013; Rogakou et al., 

1998; Rothkamm et al., 2003)  

1.4.2.1 Non-homologous end joining 

NHEJ is active throughout interphase, especially during G1/S phase. NHEJ repair involves the 
rejoining of broken ends without a requirement for extensive homology or templated repair, unlike 

HR. NHEJ is regarded as error-prone, as NHEJ is associated with the small insertions and 
deletions at the repaired DSB site. Classical NHEJ (C-NHEJ) requires the Ku heterodimer to 
efficiently rejoin DSBs, while alternative non-homologous end joining (A-NHEJ) is independent of 

recombination factors and Ku proteins. A subtype of A-NHEJ, microhomology-mediated end 
joining (MMEJ) carries DSB repair by microhomology-mediated base-pairing of DNA single 

strands, followed by nucleolytic trimming of DNA flaps, DNA gap filling, and DNA ligation (Seol et 
al., 2018). In C-NHEJ, DSBs are first recognized by the Ku (Ku70 and Ku80) heterodimer and 

binds rapidly to DSBs, Ku has a toroidal structure with a hole facilitating loading onto DSB ends. 
Ku activates DNA-PKcs to initiate NHEJ (Davis & Chen, 2013; Walker et al., 2001). DNA-PKcs 

stabilizes DNA ends and prevents end resection by a series of phosphorylation events. The 
autophosphorylation of DNA-PKcs destabilizes its interaction with DNA ends (Gottlieb & Jackson, 

1993; Meek et al., 2008; Uematsu et al., 2007). After DNA-PKcs is loaded on to DNA ends, XRCC4 
(X-ray cross complementing protein 4) is recruited to stabilize the NHEJ complex and to help Ku 

recruit other NHEJ components. Once the DNA ends are stabilized, Artemis, APLF (Aprataxin-
and-PNK-like factor), APTX (Aprataxin), PNKP (The polynucleotide kinase-phosphatase), Ku, and 
WRN (Werner) initiate DNA end processing (Davis & Chen, 2013; Giglia-Mari et al., 2006; 

Mahaney et al., 2009; Malivert et al., 2010). This involves removal of the blocking components 
from the DSB ends and the resection of naked ends. The resultant gap is filled by DNA 

polymerases μ or λ (Ciccia & Elledge, 2010; Ramadan et al., 2004).  XRCC4/LIG4 (LIG4-DNA 

ligase 4) ligates the broken ends with the support of the stimulatory factor XLF (XRCC4 like factor) 
to complete NHEJ-mediated DSB repair (Andres et al., 2012; Grawunder et al., 1997; Hammel et 

al., 2011; Malivert et al., 2010). Recently characterised PAXX (PAralog of XRCC4 and XLF also 
called as XLS) is structurally similar to XRCC4 was shown to support ligation by the LIG4 complex 

PAXX facilitates the accumulation of Ku at the DNA ends and XLF enhancing the ability of XRCC4-
LIG4 to achieve efficient DNA end-ligation (Ochi et al., 2015; Tadi et al., 2016).  DNA ends with 

non-ligatable 5′ hydroxyls or 3′ phosphates are processed by Artemis, APLF nucleases and the 
PNK kinase/phosphatase in an ATM-dependent manner prior to XRCC4/LIG4-mediated DNA 

ligation (Andres et al., 2012; Ciccia & Elledge, 2010; Grawunder et al., 1997; Hammel et al., 2011). 
The NHEJ-mediated DSB repair pathway is outlined in Figure 1.6. 
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Figure 1.6: Non-homologous end joining (NHEJ) DNA repair pathway 
Ku70/80 heterodimer detects and binds to DSBs and initiate NHEJ repair pathway by recruiting DNA-
PKCs. Phosphorylation of DNA-PKCs facilitates the recruitment of DNA end processing and ligation 
factors Artemis, XRCC4, XLF and LIG4 to repair the DNA. Modified from (Ciccia & Elledge, 2010). 
 

1.4.2.2 Homologous recombination 

Homologous recombination (HR) is considered an error-free repair mechanism to repair DSBs. 
HR is a highly important mode of DNA repair and defects in HR can lead to genome instability. 

Mutations in HR genes are often associated with cancer predisposition and developmental 
abnormalities (Moynahan & Jasin, 2010). HR is mainly restricted to the S and G2 phase as it 

generally requires sister chromatids as the repair template (Moynahan & Jasin, 2010; Takata et 
al., 1998). HR is initiated by the MRE11/RAD50/NBS1 (MRN) complex at a DSB. The MRN 

complex promotes the recruitment and activation of ATM to the site of the DNA damage. MRE11 
stabilizes DNA ends and has endonuclease as well as exonuclease activities, which are important 

for DNA end resection during the initiation of HR (Lee & Dunphy, 2013; Stracker & Petrini, 2011; 
Williams et al., 2007). RAD50 and NBS1 interact with MRE11, forming the MRN complex. RAD50 
is a SWI/SNF-related ATPase and functions as a structural component to hold the two ends of the 

DSB together, and NBS1 contains protein-protein interaction domains essential for MRN function 
in the DDR. Initial DNA end resection is carried out by the endonuclease activity of the MRN 

complex. ATM regulates DNA end resection with the help of CtIP and BRCA1 for generating 3' 
ssDNA overhangs (Buis et al., 2012; Huen et al, 2010; Jazayeri et al, 2008; Lee & Paull, 2005) . 
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CtIP (C-terminal binding protein (CtBP)-interacting protein) interacts with BLM (Bloom syndrome 
helicase) to enhance its helicase activity and increase DNA cleavage by the endonuclease DNA2. 

Together with DNA2, EXO1 or BLM performs long-range resection with 5' to 3' polarity. BLM and 
DNA2 interact to resect DNA in an ATP-dependent manner which requires BLM helicase and 

DNA2 nuclease activities (Buis et al., 2012; Daley et al., 2017). RPA (replication protein A), the 
DNA binding factor, plays an essential role in BLM helicase activity and 5' to 3' resection by DNA2. 

BLM helicase increases the binding of EXO1 to DNA ends and MRN enhances the activity of EXO1 
mediated DNA resection (Daley et al., 2017; Nimonkar et al., 2011). The 3' single-stranded 

overhangs generated by resection are coated by replication protein A (RPA). This is followed by 
RPA displacement and the formation of an extended nucleoprotein filament by RAD51. 

Sumoylation of RPA promotes the recruitment of RAD51 to promote HR (Krejci et al., 2012; Liu et 
al., 2010). BRCA2 and PALB2 activities mediate the recruitment of RAD51 and the formation of 

the nucleoprotein filament. The formation of RAD51 filaments on ssDNA coated with RPA is 
mediated by BRCA2, where RAD51 and C-terminus of BRCA2 interact to promote HR. CHK1 
phosphorylation of Rad51 at Thr309 is required for the recruitment of RAD51 to DNA damage 

sites. This phosphorylation of RAD51 is essential for RAD51 focus formation and HR after 
replication stress (Jensen et al., 2010; J. Liu et al., 2010; Sorensen et al., 2005).  

 
Upon assembling of RAD51 filaments on ssDNA, Rad51 searches for homology in the duplex DNA 

partner and invades the homologous duplex DNA to form a DNA joint known as the displacement 
loop, or D-loop. This is promoted by RAD54, an ATP-dependent DNA translocase, and 

subsequently removes RAD51 to free the nascent DNA joint in the D-loop from bound Rad51 to 
expose the 3’ OH (hydroxyl) ends to permit access of the primer end to initiate DNA synthesis ( Li 

et al., 2009; Solinger et al., 2002). DNA polymerases then synthesize DNA of the invading strand 
using donor strand as a template to replace the nucleotides resected at the damaged site. The 

newly synthesized DNA is ligated and repaired mainly in two routes. In synthesis dependent strand 
annealing (SDSA) pathway, RTEL (RAD3 like helicase) dissociates the newly synthesized DNA 
strand from the D loop to reanneal to the second end of the DSB, always yielding non-crossover 

products (Barber et al., 2008). The DSB repair model (DSBR), the D-loop structure is stabilized by 
second end capture of the DSB through DNA annealing or a second invasion event to form double 

Holliday junctions (dHJs). The resultant dHJs are either dissolved by BLM–TOPOIII–RMI1–RMI2 
complex with BLM helicase or resolved by SLX1–SLX4–MUS81–EME1 and GEN1 (Gen 

homologue endonuclease 1) to yield either crossover or non-crossover products  (Garner et al, 
2013; Wyatt et al., 2013).  
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Figure 1.7: Homologous recombination DNA repair pathway 
DSBs are detected and resected by MRN/CtIP in association with BRCA1 and presence of ATM. 
Following DNA resection by EXO1 and BLM, RPA is coated to the single strand DNA. Subsequently, 
RAD51 displaces RPA in a RAD54 and BRAC2 manner to mediate homology search and strand 
invasion into the homologous DNA sequences. The final stage of HR is carried out by SDSA or DSBR 
Pathways. Image modified from (Ciccia & Elledge, 2010). 
 

1.5 DNA damage response and centrosomes 

Maintenance of genome integrity is a priority for normal development and the avoidance of 
diseases. Cells encounter genotoxic stress very often and have evolved conserved DNA damage 

checkpoints to overcome the stress-induced damage. These checkpoints will allow the repair of 
genetic lesions or the completion of DNA replication. Failure in checkpoint activation or incomplete 

DNA replication will lead to improper chromosome segregation during mitosis, with multiple polar 
spindles. This scenario is also known as a mitotic catastrophe, which is linked to centrosome 

disruption or mis-regulation (Bartek & Lukas, 2007; Loffleret al., 2006b; Vitale et al., 2011). 
Centrosome deregulation can result in chromosome mis-segregation and cytokinesis failure, 

although the mechanism for DNA damage-induced centrosomal abnormalities is poorly 
understood (Ganem et al, 2009; Pihan, 2013). Many DDR proteins, including kinases and 
phosphatases localize at the centrosome. Some of the putative centrosomal localization is 
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controversial due to either antibody cross-reactivity with centrosomal antigens or pre-existing anti-
centrosome antibodies in rabbit sera (Nigg et al. , 2014; Wilkinson et al., 2005). However, several 

studies have provided substantial evidence for primary DDR regulators at the centrosome. The 
major DDR players to localize at centrosome include ATM, ATR, BRCA1, BRCA2, CHK1, CHK2 

and p53 (Shimada et al., 2011). Chromosome replication and centrosome duplication are tightly 
coordinated processes. The localization of DDR factors to centrosome is essential for the 

spatiotemporal regulation of cell cycle checkpoints to allow the repair of damaged DNA and 
appropriate chromosome segregation before cell division. The activation of CDK1/Cyclin B occurs 

first at the centrosome before nuclear CDK1/Cyclin B activity that drives mitosis (Jackman et al., 
2003). This initial activation of CDK1/Cyclin B is controlled by centrosomal CDC25 phosphatase. 

In response to DNA damage, CDC25 phosphatases are inhibited through phosphorylation by 
checkpoint kinases CHK1 and CHK2  (Matsuoka et al., 1998; Sanchez et al., 1997),  even though 

there are other kinases that can also regulate CDC25 phosphatase activity. Thus, DNA damage 
induced checkpoint activation can coordinate the translation of nuclear DNA damage signal to the 
centrosome, but the link between the nuclear and centrosomal roles of multifunctional DDR 

proteins is still unclear.  

1.5.1 DNA damage proteins at centrosomes 

ATM and ATR localize to the centrosomes. The ATM kinase has been observed at mitotic 
centrosomes in human lymphoblastoid cells and HeLa cells (Oricchio et al., 2006; S. Zhang et al. 

, 2007). The activated ATM kinase localizes to centrosomes during mitosis. Upon disruption of the 
mitotic spindle, ATM was displaced from centrosomes and co-localized with p53 in the cytoplasm 

(Oricchio et al., 2006). Studies from another group showed some discrepancy with phospho-ATM 
localization to the centrosome, as the commercially available anti-phosphorylated ATM antibodies 

cross-reacted with centrosomes when used in microscopy studies (Suzuki et al., 2006). ATR, 
another major DDR protein, was shown to localize to centrosomes (Zhang et al., 2007), but the 

functional significance of this localization is unclear. Interestingly, mutations in ATR can lead to 
supernumerary centrosomes (Griffith et al., 2008), so ATR might play a role in centrosome 
maintenance.  

 
CHK2 is a DNA damage-dependent cell cycle checkpoint kinase. Drosophila checkpoint kinase 2 

tumor suppressor homolog (DmChk2) was shown to localize at the centrosome in Drosophila 

melanogaster embryos (Chouinard et al.,2013; Golan et al., 2010; Tsvetkov et al., 2003a). A null 

mutation in the DmChk2 suppresses the mitotic response to DNA damage, and increased DmChk2 
localization at the centrosomes following treatment with DNA damage agents. Thus, DmCHK2 is 

essential for mitotic catastrophe signal that disrupts spindle assembly in response to genotoxic 
stress and ensures to eliminate defective nuclei. Tsvetkov and colleagues using antibodies against 

CHK2-phospho-Thr68 reported that subpopulation of CHK2 localizes at centrosomes in interphase 
and in mitotic cells in the absence of DNA damage (Tsvetkov et al., 2003b). This localisation was 
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controversial due to the non-specificity of CHK2 antibodies, a study from Schmitt and colleagues 
showed that anti-CHK2 antibodies used to stain CHK2 at centrosomes cross-reacted non-

specifically with an unknown centrosomal proteins. As anti-CHK2 antibody did not show any 
significant difference in the staining at the centrosomes between HCT116 wild-type and CHK2 

knockout cells. In the same study, Flag- and GFP-tagged CHK2 proteins was shown to localizes 
exclusively in the nucleus in interphase cells but that a fraction of CHK2 localizes to centrosomes 

in mitotic cells supporting a role for CHK2 during mitosis (Chouinard et al., 2013). 
 

p53 is an important tumor suppressor that responds to various genotoxic stresses, whose 
activation regulates the transcription of targeted genes to control cell cycle checkpoints, DNA 

repair, and apoptosis (Batchelor et al., 2009). p53 deficient mice showed hyperamplification of 
centrosomes (Fukasawa et al., 1996). In normal cells, p53 is stabilized/activated in response to 

the stress associated with cell cycle arrest by the ARF-dependent mechanism, leading to up-
regulation of p21. This results in continuous inhibition of CDK2, hence blocking initiation of 
centrosome re-duplication. In contrast, in cells lacking p53 or mutated, CDK2 activation is 

unchecked, leading to centrosome amplification (Fukasawa, 2008; Kawamura et al., 2004). 
Several studies have shown p53 localiastion at the centrosomes, implying that p53 functions in 

centrosome regulation are not limited to the nucleus. Recently, p53 was also shown to control 
Aurora-A kinase mediated PLK1 activity to regulate centrosome separation (Nam & Deursen, 

2014), this provides one mechanism by which non-transcriptional activities of p53 can impact the 
centrosome.  

 
BRCA1 is breast and ovarian cancer susceptibility genes involved in DNA repair, cell cycle 

regulation, centrosome regulation and transcription (Yoshida & Miki, 2004). BRCA1 functions as 
an essential protein in maintaining genome stability through its involvement with several protein 

complexes that regulate activities of DNA repair, being specifically involved in the homologous 
recombination pathway. BRAC1 has been shown to be critical for normal development in mice, as 
BRAC1 deficiency results in early embryonic lethality (Gowen et al., 1996). BRCA1 Exon 11 

Isoform–Deficient Cells in mouse embryonic fibroblasts resulted in centrosome amplification and 
genome instability (X. Xu et al., 1999). BRCA1 contains an N-terminal RING domain, which 

functions as a catalytic domain involved in protein-protein interactions and ubiquitination. The 
BRCA1 C-terminus region contains two phosphoprotein-binding BRCT domains regulating DNA 

repair complexes and these domains are essential for BRCA1 functions as a tumor suppressor. 
An E3 ubiquitin ligase, BARD1, forms a complex with BRCA1 through the RING domain interaction. 

BRCA1 and BARD1 both localize to centrosomes. BRCA1 binds to tubulin and regulates 
microtubule nucleation and centrosome numbers. BRCA1/BARD1 ubiquitinates tubulin and 

modulates both centrosome activity in microtubule nucleation and centrosome numbers (Savage 
& Harkin, 2015; Simons et al., 2006; Starita et al., 2004), and defects in BRCA1 function lead to 
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centrosome amplification.  Recently, proteomic studies showed that Obg-like ATPase 1 (OLA1) 
protein interacts directly with BRCA1/BARD1 and tubulin; it also localizes to the centrosome and 

loss of OLA1 lead to centrosome amplification (Matsuzawa et al., 2014). This shows the 
importance of BRCA1 in regulation of centrosome numbers, but it is still unclear that centrosome 

associated ubiquitin ligase activity of BRCA1 or the nuclear associated signals that arise from 
BRAC1 dysfunction contribute to centrosome amplification.  

1.5.2 Centrosomal proteins in DNA damage response 

Studies of some centrosomal proteins have indicated direct roles in DNA repair or DDR. Centrin 2 
is an evolutionarily conserved calmodulin-related EF-hand protein. Centrin2 is a component of the 

distal centriolar lumen that plays a direct role in nucleotide excision repair pathway and also 
required for ciliogenesis in mammalian cells (Dantas etal., 2012; Prosser & Morrison, 2015). 

Centrin2 forms a complex with Xeroderma pigmentosum group C protein, a component of NER 
(Araki et al., 2001; Nishi et al., 2005). Centrin2 knockouts in chicken DT40 cells show a delay in 

NER and in vitro studies show that centrin2 enhances the NER and DNA binding activities of XPC 
(Dantas et al., 2011; Nishi et al., 2005). This shows the requirement of centrin2 for efficient NER 

mediated DNA repair activities. Centrins also localise to centrosomes and basal bodies in 
mammalian cells, although the bulk of cellular centrin is not associated with centrioles. This 

indicates separate roles for Centrin2, rather than a centrosomal protein controlling a nuclear repair 
activity.  

 
CEP164 is a ciliopathy gene, which encodes a centriolar appendage protein. CEP164 is a 
component of the distal appendages that are required for primary cilia formation (Graser et al., 

2007; Schmidt et al., 2012). CEP164 was shown to interact with ATM and ATR and was observed 
to be phosphorylated by ATM/ATR upon various DNA damaging agents. siRNA studies indicated 

CEP164 to have a role in G2/M checkpoint and activation of different DNA damage proteins 
(Sivasubramaniam et al., 2008). Microscopy studies showed CEP164 localizing to DNA lesions 

induced by UV radiation in a manner that required the NER factor, XPA. XPA mutation abrogated 
the localization of CEP164 to DNA lesion sites, as well as UV-induced CHK1 phosphorylation in 

damaged cells (Pan & Lee, 2009). A recent study showed that depletion of CEP164 results in a 
proliferation defect in murine renal inner medullary collecting duct (IMCD3) cells and RPE cells. 

Depletion of CEP164 in zebrafish results in the deregulation of the DDR (Slaats et al., 2014). 
However, studies on human CEP164-/- cells showed a primary ciliation defect but did not show any 

effect on the DDR (Daly et al., 2016). Thus, the impact of CEP164 in DNA repair activities requires 
further investigation.  
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1.5.3 The consequence of DDR on centrosomes 

DNA damage induces centrosomal aberrations that might be either numerical or structural. 

Centrosome overduplication leading to centrosome amplification is a phenomenon commonly 
observed in cells upon DNA damage (Ganem et al., 2009; Pellman, 2014). DNA damage induces 

centrosome amplification during an extended S or G2 phase (Dodson et al., 2004).  Centrosome 
amplification is often observed in cancer and can lead to chromosome missegregation (Pihan, 

2013; Silkworth et al., 2009). Extra centrosomes can cause asymmetric cell division (Basto et al., 
2008). During interphase, centrosome amplification can affect ciliary signalling, cell migration and 
cell polarity, all these incidences can associate and promote tumorigenesis (Godinho et al., 2014; 

Mahjoub & Stearns, 2012; Pellman, 2014). Centrosome amplification caused by DNA damage is 
a well-established phenomenon studied in various cell types. DNA damage-induced centrosome 

amplification arises during a CHK1-dependent prolonged G2 phase (Bourke et al., 2010; Bourke 
et al., 2007), although the mechanism is not fully established. DNA damage can also lead to the 

accumulation of centriolar satellites, which can act as a platform for centrosome protein assembly 
(Löffler et al., 2013). Centrosome overduplication appears to be a normal response to DNA 

damage in case of defective DNA repair or cell cycle checkpoints, which induces mitotic 
catastrophe to eliminate defective cells (Löffler et al., 2007). 

 
Centrosome amplification after DNA damage mainly requires CHK1 and CDK2 activity, where 

CDK2 activity increases in S and G2 phase in a CHK1-dependent manner in response to DNA 
damage (Bourke et al., 2007; Robinson et al., 2007a). CDK2 and its partner cyclin E together 
initiate centrosome duplication in the normal cell cycle. The CDK2/cyclin E complex promotes 

centrosome amplification due to the extended delay in S phase caused by genotoxic stress 
(Pellman, 2014). CDK2/cyclin E targets nucleophosmin (NPM) for the initiation of centrosome 

duplication. During this process, phosphorylation of NPM increases its binding affinity to Rho-
associated kinase (ROCK2). ROCK2 is an essential kinase known to initiate centrosome 

duplication and induction of centrosome amplification in cell cycle arrested cells. When exposed 
to DNA synthesis inhibitors, Polo-like kinase 2 (PLK2) drives centrosome reduplication in a PLK4-

dependent manner. Recently, it was shown that PLK2, PLK4, and ROCK2 induced centrosome 
amplification when cells were treated with DNA synthesis inhibitors (Lingy et al., 2015). 

 
Centrosome amplification is also caused by improper centriole splitting of paired centrioles.  In 

cycling cells, centriole engagement is needed to avoid inappropriate centriole reduplication, and 
centriole disengagement licenses the initiation of centriole duplication. Any deviation caused by 

centriolar proteins or cell cycle defects can result in centriole splitting, which can lead to multipolar 
spindles. In the absence of DNA damage, holding cells in G2 with inhibition of CDK can cause 
centriole disengagement and reduplication, resulting in centrosome amplification due to an 

increase in PLK1 activity. In Hela cells, it was reported that CA can be caused by centriole 
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disengagement and reduplication of the mother centriole due to the participation of both PLK1 and 
APC/C activities in the presence of DNA damage. Recent study in non-transformed hTERT-RPE1 

human cells showed that centriole splitting involves both PLK1 and APC/C activity after DNA 
damage (Hatano & Sluder, 2012). Interestingly, loss of C-NAP1, a proteinaceous linker protein, 

reduced DNA damage-induced CA. Although C-NAP1 is a linker protein, centriole splitting did not 
cause increased centriole reduplication (Flanagan et al., 2017).  

 

1.6 Checkpoint kinase 1 

Checkpoint kinase 1 (CHK1) is a conserved cell cycle checkpoint protein kinase, which functions 

as a central protein during DDR. CHK1 was first identified in fission yeast as serine/threonine 
protein kinase, and subsequently, homologs were identified in Drosophila, Xenopus, mouse, and 

human (Fogarty et al., 1994; Kumagai et al. , 1998; Yolanda Sanchez et al., 1997; Walworth et al., 
1993). In humans, the CHEK gene is encoded on chromosome 11. CHK1 protein, with a molecular 

mass of 54,434 Da, comprises 476 amino acid residues. A shorter splice variant of Chk1, Chk1-
short (Chk1-S), has recently been identified and has been demonstrated to antagonize Chk1 

functions (Pabla et al., 2012). CHK1 protein contains a protein kinase domain, a nuclear export 
signal (NES), a PCNA-interacting protein (PIP) box and a nuclear localization signal (NLS) (Chen 

et al., 2000; Scorah et al., 2008). Initially, it was considered that ATR was the sole regulator of 
CHK1 in response to DNA damage or replication errors (Liu et al., 2000b; Zhao & Piwnica-Worms, 

2002). Recent work on the roles of CHK1 revealed additional protein kinases involved in CHK1 
activation, affecting its subcellular localization and interacting partners. This also shed light on the 
spatiotemporal regulation of CHK1, not only in the DDR, but also during unperturbed cell cycle 

progression (Goto et al., 2015; Zhang & Hunter, 2014). CHK1 is an essential kinase in embryonic 
mouse cells and in most, but not in all proliferating cells. In response to genotoxic stress, CHK1 

becomes activated to initiate cell cycle checkpoints. During the unperturbed cell cycle, CHK1 
regulates DNA replication in S phase, G2/M transition and the completion of mitosis (Goto et al., 

2015; Patil et al., 2013; Zhang and Hunter, 2014).  

1.6.1 CHK1 phosphorylation and activation 

CHK1 phosphorylation upon DNA damage was first observed in S. pombe and later in Xenopus 
as well as in human cells (Kumagai et al., 1998; Tapia-Alveal et al., 2009; Walworth & Bernards, 
1996). Human CHK1 harbours four SQ phosphorylation sites- Ser317, Ser345, Ser357, and 

Ser366 residues. The Ser317 and Ser345 residue were shown to phosphorylated by ATR, 
phosphorylation is conserved from yeast to human. The activation of CHK1 by ATR 

phosphorylation is essential during cell cycle checkpoints (Guo et al., 2000; Liu et al., 2000a; 
McGowan et al., 2002; Zhang & Hunter, 2014; Zhao & Piwnica-Worms, 2002). CHK1 

phosphorylation by ATR requires the generation of structures with single strand DNA (ssDNA) 
coated with RPA protein complex, adjacent to double-strand DNA (dsDNA); these structures may 
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arise because of DNA damage or replication errors (Cimprich & Cortez, 2008; Flynn & Zou, 2011; 
Zeman & Cimprich, 2014). Such structures act as a substrate for ATR and its regulatory protein 

ATRIP, so that the accumulation of ATR/ATRIP complexes at DNA damage sites results in the 
activation of ATR. Along with ATR/ATRIP, ssDNA-RPA structures act as a platform for a number 

of regulatory proteins like the Rad9-Hus1-Rad1 (9-1-1) complex, the cell cycle checkpoint protein 
Rad17, Topoisomerase II binding protein 1 (TOPBP1), Timeless (TIM)/TIM interacting protein 

(TIP-IN) and Claspin (Ciccia & Elledge, 2010; Jackson & Bartek, 2009a). The formation and 
phosphorylation of these checkpoint regulators stimulate the catalytic activity of ATR, which then 

activates CHK1 by phosphorylating it at Ser317 and Ser345, stimulating the checkpoint pathway. 
CHK1 phosphorylation on Ser317 and Ser345 is required for DNA damage checkpoint activation 

and cell viability (Ciccia & Elledge, 2010; Cimprich & Cortez, 2008; Walker et al, 2009; Zeman & 
Cimprich, 2014). Mutational studies of Ser317 and Ser345 of CHK1 led to DNA damage checkpoint 

defects and increased sensitivity to replicative stress.  When Ser317 was mutated to Ala in somatic 
cells, cells showed defects only in the G2/M checkpoint, whereas mutation of Ser345 to Ala 
resulted in checkpoint defects and reduced cell viability (Niida et al., 2007; Wilsker et al., 2008). 

 
During the DDR, just after CHK1 phosphorylation at Ser317 and Ser345 by ATR, CHK1 undergoes 

autophosphorylation at residue Ser296. Ser296-phosphorylated CHK1 is found diffused 
throughout the entire nucleus, whereas Ser345-phosphorylated CHK1 is observed mainly at DNA 

damage sites (Clarke & Clarke, 2005; Kasahara et al., 2010). These phosphorylation events lead 
to a model that promotes the release of CHK1 from chromatin (Shimada et al., 2008; Smits et al., 

2006; Zhang et al., 2005). Since the downstream CHK1 target CDC25A is distributed diffusely in 
the nucleus, the redistribution of CHK1 to the entire nucleus is essential to deliver checkpoint 

signals (Bekker-Jensen et al., 2006). Among other CHK1 autophosphorylation sites, Ser296 
phosphorylation facilitates the formation of a ternary complex among CHK1, CDC25A and 14-3-3, 

this is essential for CHK1 to phosphorylate CDC25A at Ser76. Ser76 phosphorylation of CDC25A 
is rate-limiting for CDC25A degradation. The proteasome-dependent CDC25A degradation results 
in cell cycle arrest by preventing premature activation of CDKs, which results in cell cycle arrest. 

Thus, the autophosphorylation of CHK1 at Ser296 is one of the important step for checkpoint 
signalling during DDR (Busino et al., 2004; Goto et al., 2015; J. Jin et al., 2003; Neely et al., 2006). 
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Figure 1.8: Human CHK1 domain structure and function of each domain 
CHK1 has N-terminal Kinase domain and C-terminal regulatory domain. SQ: Ser/Gln cluster, CM: 
conserved motif, NES: nuclear export signal, NLS: nuclear localization signal, PIP: PCNA-interacting 
protein. Phosphorylation sites by ATR are indicated. 

1.6.2 CHK1 functions during checkpoints 

During the unperturbed cell cycle, CHK1 regulates the DNA replication checkpoint during S phase. 
CHK1 phosphorylates CDC25A and CDC25A undergoes proteasomal degradation, resulting in 

CDK2 inhibition. This leads to cell cycle arrest and the slowing down of DNA replication. CHK1 
inhibition in U2OS cells leads to the accumulation of CDC25A, confirming that CDC25A 

phosphorylation by CHK1 targets it for degradation (Carrassa et al., 2009; Sorensen et al., 2003). 
Conditional deletion of CHK1 in mice leads to the accumulation of CDC25A and an increase in S 

phase cells as well as the accumulation of DNA damage, premature mitotic entry and cell death 
(Lam et al., 2004). Knockdown and inhibition of CHK1 leads to increased initiation of DNA 

synthesis, ssDNA formation, accumulation of DSBs, aberrant replication fork structures, increased 
phosphorylation of ATR targets and DDR (Petermann et al., 2010; Syljuasen et al., 2005a). These 

studies show importance of CHK1 in suppressing late initiation of replication to prevent DNA 
damage for normal progression of S phase.  The ATR/CHK1 pathway also checks on the DNA 

strand stability and progression and initiation of late replication to repair DNA breaks (Maya-
Mendoza et al., 2007). Altogether, these observations indicate that CHK1 regulates DNA 
replication checkpoint and prevents DNA damage during normal S phase progression and cell 

survival (Ge & Blow, 2010; Petermann et al., 2010; Syljuasen et al., 2005a). In addition to this, 
during the unperturbed cell cycle, CHK1 regulation of CDC25B and suppression of CDK1 prevents 

premature mitotic entry (Krämer et al., 2004). CHK1 was also shown to play a role in the spindle 
assembly checkpoint (SAC) (Zachos et al., 2005). CHK1 deficient chicken DT40 cells are viable, 

with an increased level of chromosome missegregation and genome instability. When CHK1 
deficient cells were treated with taxol, a microtubule-stabilizing agent, cells failed to arrest in 

mitosis (Zachos et al., 2003; Zachos et al., 2007). In support of these observations, CHK1+/- 
mammary epithelial cells also had misaligned chromosomes, chromosome missegregation and 

enhanced binucleation (Peddibhotla et al., 2009). The knockdown of CHK1 in U2OS cells led to 
aberrant mitosis, and in response to nocodazole treatment, CHK1-deficient cells failed to activate 

the SAC (Carrassa et al., 2009). CHK1 regulates the SAC through the activation and localization 
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of Aurora B kinase to kinetochores. Aurora B kinase is a component of the chromosome passenger 
complex, which plays a crucial role in SAC and recruits BubR1 and MAD1 to the kinetochores to 

prevent APC/C activation, thus delaying anaphase onset. CHK1 deficiency results in 
mislocalization of Aurora B, BubR1 and MAD1 proteins; this leads to SAC failure (Peddibhotla et 

al., 2009; Zachos et al., 2007). 

1.6.3 CHK1 function in response to DNA damage 

CHK1 induces cell cycle arrest in response to DNA damage by mainly phosphorylating CDC25 
family phosphatases, WEE1 kinase and controlling PLK1. In DDR, phosphorylation of CDC25 
phosphatases leads to their degradation, sequestration, and/or inhibition, preventing them from 

removing inhibitory phosphorylation on CDK1 or CDK2. Together, these mechanisms block the 
activation of CDK1 or CDK2 and critical cell cycle transitions (Yu, 2007). In addition to the CDC25 

phosphatases, CHK1 also phosphorylates WEE1 kinase.  WEE1 is a protein kinase responsible 
for the inhibitory phosphorylation of CDK1. In response to DNA damage, WEE1 phosphorylation 

and activation by CHK1 leads to CDK1 inhibition and cell cycle arrest prior to mitotic onset 
(O’Connell et al., 1997). CHK1 acts as a negative regulator of PLK1, as PLK1 targets WEE1 for 

degradation by phosphorylation leading to the activation of CDK1 and mitotic entry (O’Connell et 
al., 1997; Ohta et al., 2018; Tang et al., 2006). Furthermore, in response to DNA damage, CHK1 

dissociates from chromatin, resulting in decreased histone H3 acetylation and phosphorylation, 
which may contribute to DNA damage-associated transcriptional repression (Shimada et al., 

2008). The repressed genes include cell cycle regulators CDK1 and cyclin B, but the role of 
transcriptional repression in the cell cycle checkpoint is unclear (Lim & Kaldis, 2013; Patil et al., 
2013). 

 
CHK1 is also involved directly in DNA repair. CHK1 induces post-translational modification and 

activation of DNA repair proteins (Patil et al., 2013). CHK1 and the DNA replication proteins 
Claspin and Timeless are important for DNA damage induced PCNA ubiquitination in human cells. 

The monoubiquitinated PCNA recruits specific translesion synthesis DNA polymerases to bypass 
or repair the DNA damage sites of DNA replication (Yang et al., 2008).  CHK1 also phosphorylates 

FANCE, a subunit of the Fanconi anemia core complex, and this results in colocalization of 
FANCD2 at nuclear foci or DNA damage sites. FANCE, along with ubiquitinated FANCD2, BRCA1 

and BRCA2, is involved in resolving interstrand crosslinks (D’Andrea et al., 2007; Guervilly et al., 
2008). As mentioned above, CHK1 participates in homologous recombination-mediated DNA 

repair by regulating RAD51. CHK1 phosphorylates RAD51 at Ser309 and recruits it to DNA repair 
foci to promote homologous recombination-mediated DNA repair and cell survival 

(Narayanaswamy et al., 2016; Sørensen et al., 2005). CHK1 may also be involved in stabilizing 
replication forks and restart stalled replication forks, but this mechanism is as-yet unclear (Patil et 
al., 2013; Petermann et al., 2010). There are few reports implicating CHK1 in apoptosis. CHK1 

phosphorylates p73, resulting in increased p73 expression and transcription activity, contributing 
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to the p73 apoptotic response to DNA damage (Gonzalez et al., 2003). In contrast, CHK1 inhibits 
apoptosis through ATM/ATR dependent cleavage of caspase 2 as well as RPA mediated caspase-

3 pathway (Meuth, 2010; Myers et al., 2009; Sidi et al., 2008). Therefore, CHK1 contribution to 
apoptosis and its regulation remains unclear. 

1.6.4 CHK1 localization and control of mitotic entry 

During the G2/M transition, CHK1 is phosphorylated by CDK1 at Ser286 and Ser301; this 

phosphorylation stimulates the nuclear export to the cytoplasm of CHK1 in a CRM-1 dependent 
manner. This transport helps to diminish CHK1 inhibitory activity against CDK1 in the nucleus, 
resulting in mitotic entry (Enomoto et al., 2009). The depletion of CHK1 in cells resulted in 

premature mitosis due to abnormal activation of CDK1/cyclin B (Niida et al., 2005). However, there 
are some conflicting observations regarding the spatiotemporal localization of CHK1 during the 

G2/M transition and CHK1 function during mitotic entry (Krämer et al., 2004; Matsuyama et al., 
2011). Two models have been proposed to explain how CHK1 regulates mitotic entry. The 

centrosomal model describes centrosomal CHK1 as regulating mitotic entry by controlling the 
activation of CDK1. Using the mouse monoclonal anti-CHK1 DCS-310 antibody, CHK1 was 

observed localizing to the centrosome during late interphase. Also, transiently overexpressed 
CHK1-GFP was found to localize to the centrosome during interphase but not in mitosis (Kramer 

et al., 2004). A similar observation was made in studies using transiently overexpressed Chk1 and 
Chk1-S fused to fluorescent proteins where, in G2/M phases, some CHK1 and CHK1-S was found 

to accumulate at the centrosome (Pabla et al., 2012). Furthermore, the localization of CHK1 to the 
centrosome was shown to be mediated by PCNT and MCPH1 (Tibelius et al., 2009a). A recent 
study demonstrated that the RNA polymerase II-binding protein, Che-1, plays a role in the 

recruitment of CHK1 to the centrosome by mediating its interaction with PCNT. Che-1 depletion 
abolishes CHK1’s ability to bind PCNT and its localization at centrosomes (Sorino et al., 2013). 

 
In developing the centrosomal model, the Kramer group generated two protein constructs to study 

CHK1 localization at the centrosome. CHK1-GFP wild type and CHK1-GFP kinase-dead (D130A) 
were tagged with the PACT (Pericentrin-AKAP-450 centrosomal targeting) domain of AKAP-450, 

an immobile protein of the PCM. Both wild type and kinase-dead CHK1-GFP-PACT localized to 
the centrosome during interphase and dissociated at mitotic entry. The CHK1-GFP-PACT was 

found to impair CDK1 activation and delay mitotic entry, resulting in DNA endoreplication and 
centrosome amplification. In contrast, expression of kinase-dead-CHK1-GFP-PACT resulted in the 

premature activation of CDK1. In this model, during interphase, centrosome-associated-CHK1 
regulates CDK1 activity through its regulation of centrosomal CDC25B (Kramer et al., 2004). CHK1 

was found to phosphorylate CDC25B during the cell cycle in the absence of DNA damage (Schmitt 
et al., 2006). At the onset of mitosis, CHK1 dissociates from the centrosome, allowing CDC25B 
activation of CDK1/cyclin B at the centrosome (Kramer et al., 2004). 
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In the nuclear model proposed by the Inagaki group, CHK1 controls mitotic entry primarily through 
the regulation of nuclear CDK1 through its negative regulation of nuclear CDC25A and CDC25B 

(Matsuyama et al., 2011). Using monoclonal antibodies against CHK1 including DSC-310, it was 
observed that mitotically phosphorylated CHK1 is accompanied by CHK1 translocation from the 

nucleus to the cytoplasm at the G2/M transition (Enomoto et al., 2009). This translocation is 
controlled by CDK1 phosphorylation of CHK1 at Ser286 and Ser301 and CRM-1dependent nuclear 

export (Enomoto et al., 2009; Shiromizu et al., 2006). Transiently expressed CHK1 that had been 
mutated from Ser286 and Ser301 to Ala (S286A/S301A), was found to localize mainly in the 

nucleus in prophase cells. Expression of CHK1 S286A/S301A resulted in the delay of mitotic entry. 
Altogether, this led to a model in which CDK1 initiates the translocation of CHK1 from the nucleus 

to the cytoplasm, which initiates a positive feedback loop of CDK1 activation in the nucleus. This 
supports a nuclear model for CHK1 activation, where CHK1 activation occurs predominately in the 

nucleus (Enomoto, et al., 2009; Ikegami et al., 2008). 
 
The centrosomal model was supported by the large set of DDR proteins that are found to localize 

to the centrosome, which play a role in mitotic entry and DDR. However, all these studies 
depended on the use of the DCS-310 anti-CHK1 antibody in supporting the centrosomal model 

(Kramer et al., 2004; Loffler et al., 2007; Tibelius et al., 2009a). Other studies demonstrated CHK1 
localization to the centrosome by transiently expressing GFP-CHK1 fusion protein (Antonczak et 

al., 2016; Löffler et al., 2007). The transient expression of protein levels may not correspond to the 
endogenously expressed levels. Thus, overexpression may result in a localization pattern which is 

not found in normal cells. In support of this statement, studies from two different groups show a 
discrepancy in the observed localization of CHK1 after DNA damage. Cheng et al., observed 

endogenous CHK1 to translocate from the cytoplasm into the nucleus in response to DNA damage. 
However, the Wang et al., found that ectopically expressed CHK1 showed nuclear localization 

(Cheng et al, 2013; Wang et al, 2012b). To reinvestigate the previously observed CHK1 
localization, the Matsuyama group replaced an endogenous CHK1 allele with a Myc-tagged CHK1 
in human colon adenocarcinoma DLD-1 cells. During this study, an anti-Myc antibody was used to 

study CHK1 localization in myc-tagged CHK1 cells and it was observed that CHK1 localized 
predominantly in the nucleus but not at the centrosome. To investigate the functions of CHK 

specifically at the centrosome, Myc-CHK1 was fused to PACT (Myc-CHK1-PACT) to force 
immobilization of CHK1 at the centrosome. However, there was only a marginal impact on the 

timing of mitotic entry and CDK1 activation, in contrast to the results of Krämer and colleagues 
with the GFP-CHK1-PACT fusion protein studies. When expressed to high levels, Myc-CHK1-

PACT was not restricted to the centrosome; it also localized to the nucleus (Matsuyama et al., 
2011). High expression levels of the Myc-CHK1-PACT delayed the timing of mitotic entry. These 

observations indicate that the localization of CHK1-PACT variants depends on the expression 
levels and the related phenotypes (Matsuyama et al., 2011). 
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Altogether, the spatiotemporal distribution and localization of CHK1 are still unclear. CHK1 
activation and its coordination in regulating centrosome numbers remain as an open question. The 

understanding of centrosomal coordination with cytoplasmic and nuclear events needs more 
investigation. Answering these questions will help in understanding the mechanism by which CHK1 

regulates centrosomal events during cell cycle checkpoints. 

1.6.5 CHK1 and centrosome amplification 

Centrosome duplication occurs only once per cell cycle and is a tightly regulated process in 
coordination with DNA replication. However, in cells that are exposed to genotoxic stress, DNA 
replication, and centrosome duplication cycles can become uncoupled, causing centrosome 

overduplication that leads to centrosome amplification (Lingle et al., 2002; Lingle et al., 2005). 
Mutations or loss of DDR proteins can lead to centrosomal abnormalities and can result in 

increased rates of genome instability and tumor development (Shimada & Komatsu, 2009). Studies 
from several groups have reported that following DNA damage, cell lines carrying mutations in 

DDR proteins, including p53, the recombination repair genes XRCC2 and XRCC3, the DNA 
recombinase RAD51, the tumor suppressor genes BRCA1, BRCA2 and MCPH1, exhibit 

centrosomal abnormalities  including centrosome amplification (Brown et al., 2010; Deng, 2002; 
Dodson et al., 2004; Griffin et al., 2000; Wiggers et al., 2002). 

 
Ionizing radiation treatment of tumor cells or cells with defective checkpoint or DNA repair genes 

results in an extended G2 arrest and centrosome amplification (Dodson et al., 2004; Sato et al, 
2000). CHK1 has also been implicated in IR-induced centrosome amplification (Bourke et al., 
2007; Loffler et al., 2007; Robinson et al., 2007a). Studies in our lab have shown that inhibition or 

depletion of CHK1 in human cells results in the reduction of centrosome amplification in response 
to ionizing radiation (Bourke et al., 2010;Bourke et al., 2007). UV irradiation causes accumulation 

of phosphorylated CHK1 at the centrosome, along with G2/M cell cycle arrest and centrosome 
amplification. Centrosome amplification could act as a backup mechanism for the elimination of 

cells with impaired DNA damage checkpoints during the cell cycle (Loffler et al., 2007). CDK2 
activity is required for normal centrosome duplication (Lacey et al., 2002). CHK1 signalling causes 

centrosome amplification after IR by upregulating CDK2 activity through activation of CDK2 by 
phosphorylation (Bourke et al., 2010).  

 
Cells show centrosome amplification in response to drugs that inhibit DNA synthesis, such as 

aphidicolin (Aph) or hydroxyurea (HU). In cells with defective cell cycle checkpoints such as 
Chinese hamster ovary (CHO), U2OS cells, or p53-deficient chicken DT40 cells, centrosome 

amplification occurs in response to drugs that inhibit S phase (Handeli & Weintraub, 1992; Takao 
et al., 1999). Cells treated with DNA replication inhibitors arrest in S phase, although centrosome 
duplication continues and results in centrosome overduplication. Cells with wild-type p53 arrest 

both DNA synthesis and the centrosome cycle by stabilization and upregulation of the p53 protein 
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in response to HU (Fukasawa et al., 1996). In the presence of wildtype p53, p53 transactivates 
p21, and p21 blocks the initiation of centrosome duplication by inhibition of CDK2/cyclin E. 

However, in the absence of p53, centrosome reduplication continues, triggered by activation of 
Cdk2/cyclin E/A (Duensing et al., 2006; Fukasawa, 2008; Hanashiro et al., 2008). 

 
DNA damage induced centrosome overduplication requires CDK2 activity.  Studies in Cdk2-/- MEF 

show that CDK2 is not required for normal centrosome duplication. Cdk2-/- MEF cells show 
aberrant centrosome duplication when induced by the E7 oncoprotein of human papillomavirus 

type 16 (HPV-16) (Duensing et al., 2006). In response to HU, centrosome amplification was 
observed in DT40 cells lacking either CDK1 or CDK2 activity, but not in the cells lacking both 

CDKs. These observations in MEF cells and DT40 cells indicate that CDK2 activity can be 
substituted by CDK1 activity for the control of centrosome duplication (Bourke et al., 2010; 

Duensing et al., 2006). Interestingly, CHK1 null cells did not block HU-induced centrosome 
amplification, indicating that CHK1 is not involved in HU-induced centrosome reduplication in S 
phase-arrested cells (Bourke et al., 2010). This observation suggests that CHK1 is specifically 

involved in DNA damage-induced centrosome amplification and indicates the mechanisms for HU 
and IR induced centrosome overduplication are not necessarily the same. 

 
Understanding the CHK1 role in regulation of centrosome numbers have great importance. In 

human cells CHK1- dependent centrosome amplification function as a centrosome inactivation 
checkpoint in response to DNA damage, whereby cells that cannot be repaired may be eliminated 

via mitotic catastrophe (Loffler et al., 2007). Loss or mutational inactivation of p53 leads to 
abnormal centrosome amplification and increases the frequency of mitotic defects (Fukasawa et 

al., 1996; Tarapore & Fukasawa, 2002). In recent years there is more interest towards CHK1 
targeting in tumour cells with p53 mutations, as Inhibiting CHK1 can be synthetically lethal to the 

cancer cells (Origanti et al., 2013). 

1.6.6 Centrosome amplification and cancer 

Centrosome amplification is a hallmark of cancer. Theodor Boveri was the first to propose that 

aneuploidy induced by centrosome amplification and promoted tumorigenesis (Boveri, 2008; 
Pellman, 2014). Supernumerary centrosomes have been reported in almost all types of solid and 

haematological malignancies (Chan, 2011). Mutations in oncogenes and tumour suppressors 
genes can result in increased centrosome numbers, most often, centrosome amplification occurs 

by deregulation of the cell cycle (Fukasawa et al., 1996; Pihan et al., 1998). Centrosome 
amplification can also occur in many circumstances, after DNA damage, variation in expression of 

proteins involved in centrosome duplication, cytokinesis failure, mitotic slippage, cell-cell fusion 
and de novo centriole assembly, all of which can have serious implications for chromosome 
instability of the cell (Pellman, 2014).  
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DNA damage causes centrosome amplification, which can result in multiple spindle poles, 
producing a multipolar mitosis (Dodson et al., 2004; Lingle et al., 2002; Lingle et al., 2005). 

Multipolar mitosis occurs in many tumour types and contributes to chromosomal instability. The 
chromosomal instability lead to an inviable offspring due to severe aneuploidy. In order to survive, 

cancer cells reconfigure their multipolar spindles into pseudo-bipolar spindle by clustering of 
multiple centrosomes enabling bipolar division (Levine & Holland, 2018). Until now, little is known 

about exact mechanism for DNA-damage induced centrosome amplification. Investigating the 
mechanisms for centrosome amplification is critical for better understanding of the factors that 

promote centrosome amplification in cancer and their relationship to tumorigenesis and 
aneuploidy. 

1.7 Cilia 

Cilia are evolutionarily conserved microtubule-based organelles that extend from the cell surface 
of almost all eukaryotic cells. Cilia exist as motile cilia and immotile primary cilia. Motile cilia beat 

synchronously to generate fluid flow or to facilitate cell motility.  Motile cilia are found on epithelial 
cells lining the lung where they facilitate the movement of mucus through the respiratory tract. 

Primary cilia are immotile and exist as a single projection on the cell surface, where they act as  
sensory organs capable of transducing essential signalling information from the extracellular 

environment (Goetz & Anderson, 2010; Ishikawa & Marshall, 2011).  Dysfunction or defects in 
primary cilia can cause several diseases, including retinal degeneration, developmental defects, 

obesity, diabetics and cancer (Han & Alvarez-Buylla, 2010; Oh et al., 2012; Seeger-Nukpezah et 
al., 2013). Many of these diseases are termed as ciliopathies, which includes Joubert syndrome, 
Bardet-Biedel syndrome (BBS), Meckel-Gruber syndrome (MKS), and nephronophthisis (NPHP) 

(Albee & Dutcher, 2012; Goetz & Anderson, 2010). 

1.7.1 Ciliogenesis and Primary cilia structure 

Ciliogenesis is tightly regulated process. A complex and conserved mechanism allows the growth 
of cilia during G0-G1 phases of the cell cycle. When cell cycle exits, the mother centriole docks at 

the plasma membrane and converts into a basal body and forms the base of the cilium. The basal 
body serves as an anchor and extends to form the main body of the cilium, termed as axoneme, 

which is surrounded by the ciliary membrane. Cilia are classified based the number of microtubules 
associated with the axoneme. Motile cilia have 9+2 configuration, in which 9 nine microtubule 
doublets surround a central pair of singlet microtubules, and non-motile has 9+0 configuration, in 

which the central pair is missing. Usually, non-motile 9+0 cilia are also missing the molecular 
motors, axonemal dyneins, which are responsible for ciliary movement (Veland et al., 2009).  

The primary cilia have a basal body, which consists of mother centriole in the centrosome and the 
associated accessory structures. These accessory structures include transition fibers, basal feet, 

and ciliary rootlets (Garcia & Reiter, 2016; Vertii et al, 2016). Transition fibers (TF) emerge from 
the central microtubule of each triplet of the basal body and TFs have involved in the docking the 
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basal body to the surface of the plasma membrane. The TFs project from the B-tubule at the level 
of C-tubule terminal and insert into the periciliary plasma membrane (Wei, Ling, & Hu, 2015). The 

distal appendages consist of five proteins, CEP164, CEP83 (CCDC41), CEP89 (CCDC123), 
SCLT1 (sodium channel and clathrin linker 1) and FBF1 (Fas binding factor 1) (Tanos et al., 2013). 

Ablation of distal appendages can lead to defects in centriole vesicle docking or ciliogenesis. 
Chibby and TTBK2 are interactors of CEP164, and they localize to TFs and regulate ciliogenesis 

in different types of mammalian cell (Wei et al., 2015). Basal bodies have nine transition fibers, but 
only one or two basal feet. The basal foot is analogous to the subdistal appendages, in that they 

are larger and is more electron dense (Bornens, 2002; Garcia et al, 2016).  The outer dense fiber 
protein 2 (ODF2)/ Cenexin is a component of both the distal and subdistal appendages, and is 

required for the formation of TF and basal feet (Tateishi et al., 2013). During G2 phase, the 
subdistal appendages are lost and reappear only in the next G1 phase (Garcia et al., 2016). The 

ciliary rootlet is a striated bundle of filaments. Rootletin, a large protein composed almost entirely 
of coiled-coil domains, is a structural component of the ciliary rootlet. Basal feet anchor 
microtubules and striated rootlets project from the proximal end of the basal body and extend close 

to the nucleus, providing stability and support to the cilium (Bernabe-Rubio & Alonso, 2017; J. 
Yang et al., 2002). 

 
The connecting point between the basal body and the axoneme is the transition zone (TZ), where 

the microtubule triplets in the basal body shift into axonemal doublets (Szymanska & Johnson, 
2012). The TZ was characterized by the presence of multiple rows of scallop-like structures at the 

ciliary surface, and inner Y-shaped structures known as Y-linkers. These Y-linkers appear to 
project out from the outer doublet microtubules and to attach to the ciliary membrane (Reiter et al., 

2012). The Y-linkers coincide with a characteristic circumferential arrangement of membrane 
insertions known as a ciliary necklace. The Y-shaped linkers and ciliary necklace are visible in the 

elongated TZ structure of connecting cilia in photoreceptors (Czarnecki & Shah, 2012). The 
transition zone contains two biochemically distinct protein complexes, which are involved in Meckel 
syndrome (MKS) and nephronophthisis (NPHP). The MKS complex covers the membrane and 

contains Ahi, B9d1, B9d2, CEP290, Tctn1, and the transmembrane proteins Tmem17, Tmem67, 
Tmem107, Tmem216, Tmem231, which colocalize to the transition zone and form a large 

biochemical complex. The NPHP complex also localizes to the transition zone and includes Nphp1, 
Nphp4, and Rpgrip II. The transition zone has been proposed to regulate ciliary components 

through intracellular trafficking to and from the cilium (C. Li et al., 2016; Yee et al., 2015). However, 
the molecular mechanism of protein sorting in the transition zone is not well understood. 

 
Following the transition zone, the axoneme of primary cilia is an elongated columnar array of nine 

symmetrically arranged, stable, microtubule doublets, which consists of one complete A 
microtubule connected to an incomplete second B microtubule composed of fewer protofilaments. 
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The plus (+) end of the microtubules is oriented towards the cilium tip. As the axoneme elongates, 
it loses microtubules, and the doublets transform to singlets (Fisch & Dupuis-Williams, 2011). The 

axonemal microtubules are subject to post-translational modifications, including acetylation, 
detyrosination, glutamylation, and glycylation. These modifications regulate axonemal microtubule 

structure, function, and flexibility (Ishikawa & Marshall, 2011). The ciliary axoneme is surrounded 
by the ciliary membrane which is contiguous with the plasma membrane. Initially, the ciliary 

membrane emerges from the process of ciliogenesis. The ciliary membrane and plasma 
membrane are compositionally (protein and lipid) distinct (Rohatgi & Snell, 2010). The primary 

cilium membrane is enriched in transmembrane receptors and phosphoinositides, signalling 
molecules which are critical for chemical sensing and signalling functions (Bloodgood, 2012; Hu 

et al., 2010). The ciliary pocket is a membrane invagination that separates the ciliary membrane 
from the plasma membrane found at the ciliary base. The ciliary pocket contains clathrin-coated 

pits and is implicated in ciliary endocytic activity and vesicular trafficking. Transmission electron 
microscopy of superciliated RPE-1 cells revealed that more than one cilium could occupy the ciliary 
pocket in super-ciliated cells and have reduced levels of ciliary membrane proteins. This suggests 

that the ciliary pocket acts as a rate-limiting structure for trafficking of ciliary proteins (Benmerah, 
2013; Molla-Herman et al., 2010). 

 
As cilia are compartmentalized from the basal body, they lack protein synthesis machinery. 

Axonemal growth and maintenance are regulated by the transport of proteins from the cell body. 
Proteins required for the cilium are transported by the intraflagellar transport (IFT) machinery, a 

bidirectional microtubule-directed molecular transport system based on specific motor protein 
complexes. The IFT consists of multisubunit complexes, IFT-A and IFT-B, and an accessory 

module that contains Bardet–Biedl syndrome (BBS) proteins known as the BBSome. The IFT 
subcomplexes support bidirectional transport, the retrograde (cilia to cell body) and anterograde 

(cell body to cilia) movement of ciliary proteins along the axoneme. They are crucial for cilium 
assembly and maintenance (Bernabé-Rubio & Alonso, 2017; Hsiao et al, 2012; Pedersen & 
Rosenbaum, 2008). IFT-A is coordinated by heterotrimeric kinesin-II complex and homodimeric 

osm-3 that facilitates turnover of signalling components destined for internalization are returned to 
the cell body. Heterotrimeric kinesin-II consists of two motor subunits, KIF3A and KIF3B, and a 

non-motor subunit kinesin-2-associated protein (KAP). IFT-B complex provides building blocks for 
axonemal growth, during which this complex load and transports the cargo to the ciliary tip. The 

retrograde transport is coordinated by the oligomeric dynein-II complex. The dynein-II complex 
consists of 11 subunits, is divided into three subcomplexes, DYNC2H1–DYNC2LI1, WDR34, and 

WDR60. Mutations in IFT components have been identified as the causative mechanism in 
ciliopathy patients (Fisch & Dupuis-Williams, 2011; Goetz & Anderson, 2010; Pedersen & 

Rosenbaum, 2008; Qin et al, 2004; Wolf & Hildebrandt, 2011). The BBSome is a multimeric protein 
complex consists of seven conserved BBS proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, and 
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BBS9) and BBS10. Initially, the BBSome was implicated in G-protein coupled receptor (GPCR) 
delivery to cilia, and later it was known to be important in retrograde trafficking. The BBSome 

modulates the removal of GPCRs, polycystin-2 and membrane-associated proteins from cilia. 
Depletion of BBS2 or BBS4 results in a reduction of ciliation in RPE-1 cells. In humans, defects in 

the BBS genes cause Bardet–Biedl syndrome (Nachury et al., 2007; Pazour & Witman, 2003).  

 
Figure 1.9: The basic Structure of the primary cilium 
A. Image show longitudinal section of primary cilium, the basal body is made up of microtubule triplets 
organised in a nine-fold radial symmetry. A fully formed primary cilium has a fibrous striated rootlet. The 
docked basal body nucleates a ciliary axoneme at its distal end organises the transition zone on the 
proximal end of the axoneme. The distal and sub-distal appendages become transition fibres and basal 
feet, respectively. Y-links and the transition fibres make the transition zone that the protein and lipid 
movement in and out of the primary cilium. B. Electron micrograph of a primary cilium of hTERT-RPE1 
cells. CP-ciliary pocket, A-axoneme, and BB-basal body. Adopted from (Molla-Herman et al., 2010) 

1.7.2 Assembly and disassembly of primary cilia 

Primary cilia are formed during quiescence or the G1 phase of the cell cycle and resorbed before 
mitosis. Before ciliation, the mother centriole serves as a component of the centrosome and 

microtubule organizing center and then differentiates to a basal body to nucleate a cilium (Kim & 
Dynlacht, 2013). The conversion of mother centriole to basal body and initiation of ciliogenesis are 

a well-coordinated process, but the exact molecular mechanisms are poorly understood. The initial 
stage of ciliogenesis is marked by the fusion of basal bodies to the membranous compartments 

such as ciliary vesicles or the plasma membrane and this docking process is facilitated by the 
distal appendages (Kim & Dynlacht, 2013; Sorokin, 1962; Sorokin, 1968). Upon initiation of 
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ciliogenesis, distal appendage vesicles (DAVs), small vesicles that originate from the Golgi and 
the endosome, are associated with the mother centriole distal appendages. The association of 

vesicles with the distal appendages indicates the transition of the centriole to the basal body.  
Rabin8, a Rab GTPases, activates Rab8 (Rab GTPase) through TrappII (Transport protein particle 

II) to stimulate ciliary membrane elongation. Subsequently, TrappII activates Rab8a and Rab11, 
members of the Rab GTPase family, to promote the rapid localization of cytoplasmic vesicles 

around the mother centriole (Lu et al., 2015; Sanchez & Dynlacht, 2016; Westlake et al., 2011). 
EDH1 (EH domain-containing protein 1), an ATP- and membrane binding protein, is then recruited 

to facilitate vesicularization of the donor membrane and fusion with the ciliary vesicle. This allows 
the organization of the ciliary membrane and forms a sheath around the extending axoneme (Lu 

et al., 2015).  
 

Cilia requires general machinery for the processes of licensing the centrosome to initiate cilium 
formation. This task is performed by the regulators of the centriolar protein CP110. CP110 and its 
binding partners, CEP97 and the kinesin, Kif24 have been described as negative regulators of 

ciliogenesis and act as centriole capping proteins (Kobayashi et al., 2011; Spektor et al., 2007). 
CP110 localizes to the distal end of the centrioles, regulating the growth of centriole and cilia. At 

the beginning of ciliogenesis, CP110 is removed from the basal body to allow axoneme extension. 
CP110 stability is regulated by CEP97 and suppresses primary cilium formation. Interestingly, 

CP110 and CEP97 are involved in the control of centriole length in proliferating cells. The ectopic 
expression of CP110 or CEP97 proteins suppresses cilium formation, whereas depletion of CEP97 

or CP110 results in increased ciliation frequency in human cells (Kobayashi et al., 2011; Spektor 
et al., 2007). Kif24, another binding partner of CP110, colocalizes with CP110. Kif24 

depolymerizes centriolar microtubules, and its timely destruction aids ciliary axoneme assembly 
(Kobayashi et al., 2011). CP110 removal requires positive ciliary regulators, such as TTBK2 (Tau-

tubulin kinase-2), MARK4 (microtubule affinity-regulating kinase 4), Centrin2 and Neurl14 (Goetz 
et al., 2012; Kuhns et al., 2013; Loukil, Tormanen, & Sutterlin, 2017; Prosser & Morrison, 2015; 
Spektor et al., 2007). This indicates the crucial role of CP110 in the initiation of primary cilium 

biogenesis. Aurora A kinase, which also inhibits ciliogenesis, is bound and activated by Trichoplein 
at the centriole. Cul3-RING E3 ligases ubiquitinate Trichoplein, and target it for degradation by the 

proteasome, allowing the initiation of axoneme extension (Bernabe-Rubio & Alonso, 2017; Inoko 
et al., 2012; Kasahara et al., 2014). 

 
Cilia must be disassembled as cells re-enter the cell cycle since the presence of cilia is not 

compatible with mitotic spindle formation (Plotnikova et al., 2009). The primary cilium disassembly 
process is still unclear. It is believed that cilia disassemble in two phases. The first phase of 

disassembly occurs in G1 phase after mitogen stimulation of quiescent cells and the second phase 
of cilia disassembly gradually happens prior to mitosis (Sanchez & Dynlacht, 2016). Aurora A has 
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been reported to be involved in primary cilium resorption. Initial studies have indicated that HEF1 
(Human enhancer of filamentation 1), a scaffolding protein, and calcium-bound calmodulin activate 

Aurora A kinase, which in turn stimulates the histone acetylase HDAC6 by phosphorylation. This 
promotes cilia disassembly through axonemal deacetylation. HDAC6 activation also enhances 

actin polymerization to promote cilium disassembly (Ran et al., 2015; Sanchez & Dynlacht, 2016). 
Aurora A kinase also activates INPP5E Inositol polyphosphate 5-phosphatase and promotes 

phosphatidylinositol [PtdIns(4)P] activities, where PtdIns(4)P prevents TTBK2 recruitment to the 
basal body, suppressing ciliogenesis (Plotnikova et al., 2015). Microinjection of Aurora A promotes 

cilium disassembly, and its siRNA-mediated depletion led to an increase in ciliation and prevented 
cilium disassembly (Inoko et al., 2012; Pugacheva et al., 2007).  Plk1, the mitotic kinase, has been 

reported to play a role in primary cilium disassembly, during which Plk1 regulates the activation of 
the HEF1-Aurora A complex to promote primary cilium disassembly (Lee et al., 2012; Sanchez & 

Dynlacht, 2016). Also, the microtubule depolymerizing kinesins, Kif2a and Kif24, are implicated in 
cilium disassembly. Plk1 phosphorylates Kif2a, while Nek2 phosphorylates Kif24 and enhances 
depolymerizing activities to promote cilium disassembly (Kim et al., 2015; Miyamoto et al., 2015). 

Finally, IFT facilitates the transport of ciliary precursors to the ciliary tip by anterograde movement 
and turnover products to the cell body by retrograde movement for ciliary assembly and 

maintenance (Qin et al., 2004), Cilia are disassembled from the ciliary tip, like a ciliary precursor, 
the disassembled ciliary components are transported to the cell body by IFT complexes.  It has 

been shown that during cilium disassembly, the loading of anterograde cargo is inhibited whereas 
retrograde cargo loading is permitted (Yinwen et al., 2016; Pan & Snell, 2005). Thus, probably 

cilium disassembly involves a decrease in the rate of delivering axonemal subunits to the tip of the 
cilium and an increase in the rate of retrograde trafficking of disassembled cilium components ( 

Pan & Snell, 2005). 
 

 
 
 

 



 

 41  

 
Figure 1.10: Ciliogenesis and the cell cycle 
The cilium axonemal microtubules (grey rods) bound by ciliary membrane throughout the cell cycle in 
the proliferating cells and during the exit into and entry from cell quiescence (G0). The mother centriole 
and basal bodies are indicated with grey cylinders. The Aurora-A-HDAAC6 ciliary disassembly pathway 
are shown in yellow and oranges. The KIF24 is involved in regulation of CP110/CEP97 scaffold during 
G1 phase. TTBK2 and MARK4, initiate ciliogenesis by excluding CP110 from the mother centrioles. 
Dashed arrows indicate a physical translocation or post-translational modification of a protein. This 
image is modified from (Malicki & Johnson, 2017). 
 

1.7.3 Ciliopathies 

Primary cilia relay and coordinate signalling pathways which control proliferation, differentiation, 

mobility and tissue morphology. Ciliary-mediated signal transduction pathways include the 
Hedgehog (Hh), canonical and non-canonical Wnt pathways, and cilia function as a photo-, 

mechano- and osmo-sensing unit that probes and relays information from the extracellular 
environment into the cell (Veland et al., 2009). Ciliary defects can cause several diseases, ranging 

from retinal degeneration to developmental defects, obesity, diabetes, and cancer (Hildebrandt et 
al., 2009; Menzl et al., 2014).  

 
Polycystic kidney disease (PKD) is a group of monogenic diseases, which are characterized by 
the presence of multiple cysts, primarily in the kidney and liver. PKD can also be present in the 

neonatal period as well as in adulthood. Autosomal dominant PKD (ADPKD) is caused by 
mutations in PKD1 and PKD2, which encode polycystin-1 (PC1) and polycystin-2 (PC2), 

respectively. PKD1 mutations are found in 85% of patients while the remaining 15% have 
mutations in PKD2. PC1 and PC2 form a complex which localizes to the cilium and the basal body. 
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They are also localized in various cellular compartments, including the endoplasmic reticulum 
(Yoder, Hou, & Guay-Woodford, 2002). PC1 and PC2 act as a mechanosensor, especially in the 

differentiation and maintenance of renal tubules. Ablation of PKD1 and PKD2 led to centrosome 
overduplication and resulted in the formation of multiple primary cilia (Pazour et al., 2000; Yoder 

et al., 2002). Due to centrosome overduplication in PKD1-/- and PKD2-/- mice, chromosome 
missegregation occurred during mitosis, leading to chromosomal instability and polyploidy (Battini 

et al., 2008; Burtey et al., 2008). Autosomal recessive polycystic kidney disease (ARPKD) is 
caused by mutations in PKHD1 (Polycystic Kidney and Hepatic Disease 1). PKHD1 encodes 

Fibrocystin, which has been implicated to play an essential role in ciliary structure and morphology. 
Fibrocystin localizes to primary cilia and basal bodies. PKHD1-/- mice have structurally shorter 

primary cilia in the bile ducts when compared to wild type animals, and defects in ciliary function 
can lead to PKD (Kolb, 2008). It was also reported that mice with defects in Tg737/IFT88 die from 

PKD, and primary cilia in the kidney of Tg737/IFT88 mutant mice are shorter than normal.  This 
indicates the importance of IFT for primary cilia assembly and defects in their assembly can lead 
to polycystic kidney disease (Pazour et al., 2000). 

 
Nephronophthisis (NPHP) is the most common chronic kidney disease caused by genetic 

disorders. NPHP is an autosomal recessive disease, which is genetically heterogeneous, caused 
by mutations in NPHP genes which include NPHP1–NPHP5, NPHP6/CEP290, NPHP7/GLIS2, 

NPHP8/RPGRIPIL, NPHP9/NEK8 and NPHP10/SDCCAG8. The proteins encoded by NPHP 
genes are denoted as nephrocystins. The nephrocystins have been localized to primary cilia, basal 

bodies and centrosomes, linking the renal cystic disease to primary cilium function (Sang et al., 
2011; Wolf & Hildebrandt, 2011). NPHP is also connected to congenital syndromes such as 

Joubert syndrome, Bardet-Biedl syndrome (BBS), oral-facial-digital syndrome (OFDS) and Meckel 
Gruber syndrome (MGS), which present abnormalities of the retina, kidney, and brain (Gascue et 

al., 2011; Friedhelm et al., 2011). Inactivation of murine NPHP genes the phenotype of cystic 
kidneys in both Inv-/- mice and Nphp3pcy/ko mice and Glis2 mutant mice show tubular atrophy and 
progressive renal fibrosis (Kim et al., 2008). Different signalling pathways are associated with the 

pathogenesis of NPHP. Inversin, Nephrocystin-3, and Nephrocystin-4 are thought to be involved 
with Wnt signalling. Nephrocystin-7/GLIS2 alter Hedgehog signalling. Glis2 knockout mouse model 

showed an upregulation of genes promoting epithelial-to-mesenchymal transition and histological 
features of NPHP including fibrosis. This correlation of nephrocystin-7 with GLI transcription factors 

links the pathogenesis of NPHP to the Hedgehog (Hh) signalling pathway (Simms et al., 2011). 
Most of the NPHP gene products localise to the primary cilium and interact with each other and 

with important components of hedgehog signalling and hippo signalling pathway. Defects in one 
of these NPHP genes give rise to NPHP- related ciliopathies. Thus, the interaction of these NPHP 

proteins one another forms macromolecular complexes required for cilia function (Hurd & 
Hildebrandt, 2010). 
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Joubert syndrome (JBS) is an autosomal recessive ciliopathy characterized by neonatal hypotonia 

with ataxia, developmental delay, abnormal eye movements, breathing abnormalities and 
intellectual disability. Retinal degeneration, renal cysts, liver fibrosis, and skeletal involvement can 

also be present.  The hallmark of JBS is a hindbrain-midbrain malformation termed Molar tooth 
sign (MTS). JBS is genetically heterogeneous ciliopathy, and is associated with mutations in 

multiple genes, including ARL13B, CC2D2A, CEP290, INPP5E, KIF7, NPHP1, OFD1 (Doherty, 
2009; Romani et al., 2013). Most of the JBS proteins localize at the basal body or the ciliary 

transition zone. Several of JBS proteins function to limit the diffusion rate of plasma membrane 
proteins into the cilium and maintain the connection between the transition zone and the ciliary 

membrane and controling the vesicle pool to targeted to the cilium. Mutations in these genes result 
in reduced cilia formation, abnormal ciliary morphology, and trafficking (Cantagrel et al., 2008; 

Juric-Sekhar et al, 2012; Kroes et al., 2016). For example, mutations in CEP290 are found about 
50% of patients with Joubert syndrome, with cerebello-oculo-renal phenotype, characterized by 
the re-occurrence of retinopathy (Brancati et al., 2010). Mutations of ARL13B cause JBS, which is 

characterized by brain malformations, combined with polydactyly and renal cyst formation. 
ARL13B mutants show defects in the size and structure of their cilia, and the compartmentalization 

of ciliary membrane proteins is disrupted, resulting in aberrant accumulations along the ciliary 
membrane (Cantagrel et al., 2008). 

 
Mutations in several Joubert syndrome and related genes leads to altered SHh and Wnt pathway 

signalling and aberrant Planar cell polarity. Rpgrip1l conditional mutants and ZNF423/Zpf423-
knockout mice show reduced proliferation of granule cell progenitors associated with cerebellar 

hypoplasia. Patients with mutations in Joubert syndrome genes show severely reduced 
proliferation in response to Shh signalling. Recently, it was shown that Ahi1-knockout and Cep290-

knockout mice have a cerebellar phenotype characterized by vermis hypoplasia and a midline 
fusion defect, due to the disruption of the developmental pathway, canonical Wnt signalling 
cascade. The planar cell polarity (PCP) pathway refers to the coordinated alignment of cell polarity 

across the tissue plane and is implicated in several developmental processes. Mutations in PCP 
effectors results in abnormal ciliogenesis. For example, mutations in the JBS genes TMEM67 and 

TMEM216 were found to substantially disrupt the PCP pathway and show defective ciliary 
formation as well as its function (Romani et al., 2013). 

1.7.4 Emerging connections between ciliogenesis and the DNA damage 
response 
Recent work has connected DDR signalling and ciliogenesis. Whole genome sequencing 

experiments revealed mutations in MRE11, ZNF423, FAN1 and CEP164 cause NPHP-related 
ciliopathies (NPHP-RC) (Chaki et al., 2012; Johnson & Collis, 2016). All these genes are known 
to function in the DDR pathway. MRE11, a key DNA repair protein, is an essential component of 
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the ATM-CHK2 pathway of DDR. MRE11 had a homozygous truncation mutation in NPHP-RC 
patients with cerebellar vermis hypoplasia (CVH). However, currently, it is unclear how or why 

specific mutations in MRE11 are involved in ciliopathies. Furthermore, Fanconi anemia-associated 
nuclease 1 (FAN1) had a homozygous truncating mutation with karyomegalic interstitial nephritis. 

FAN1 is a nuclease essential for the DNA interstrand crosslink repair pathway (ICL) of DNA repair. 
Cells from patients with FAN1 mutations showed sensitivity to mitomycin C. Also, depletion of 

FAN1 in zebrafish caused increased DDR signalling and kidney cysts (Zhou et al., 2012). This 
mutation could implicate susceptibility to environmental genotoxins and inadequate DNA repair as 

novel mechanisms contributing to ciliopathies. Interestingly, CEP164 with homozygous recessive 
mutations was shown to be causal for NPHP-RC. CEP164 is a distal appendage protein required 

for ciliogenesis. Earlier studies have implicated CEP164 in ATR-CHK1 pathway upon induced 
replication stress. Depletion of CEP164 in zebrafish embryos shows ciliopathy phenotypes and 

accumulation of DNA damage (Chaki et al., 2012; Susanne Graser et al., 2007; Sivasubramaniam 
et al., 2008). However, in a recent study, ablation of CEP164 in hTERT-RPE1 cells show a defect 
in ciliogenesis but no effect on DDR (Daly et al., 2016). Thus, CEP164’s involvement in DNA repair 

process needs further investigation. 
 

Recently, studies on centriolar satellite proteins implicated them in both genome instability and 
ciliogenesis, including azacytidine-inducible-1 (AZI1)/CEP131, Coiled-coil domain-containing 

protein 13 (Ccdc13), and CEP290  (Johnson & Collis, 2016; Slaats et al., 2015). CEP131 localizes 
to the centrosome in a cell cycle-dependent manner. It is recruited to centriolar satellites by PCM1. 

CEP131 is a basal body component essential for cilia formation. Zebrafish and Drosophila lacking 
Cep131 orthologues have shortened cilia, and display phenotypes like human ciliopathies such as 

Bardet–Biedl syndrome. Depletion of CEP131 results in centrosome amplification, chromosomal 
abnormalities and an increase in post-mitotic DNA damage (Chamling et al., 2014; Staples et al., 

2012). However, the exact role of CEP131 in DNA damage is unknown. Like CEP131, Ccdc13 
localizes to the basal body and is required for primary cilia formation, Ccdc13 is required for BBS4 
localization to both centriolar satellites and cilia. Depletion of Ccdc13 in Hela cells led to an 

increase in post-mitotic DNA damage but did not cause centrosome amplification (Staples et al., 
2014). However, its role in DNA damage and ciliogenesis requires further investigation.  CEP290 

is a large multidomain centrosomal protein, localises to the centrosome and the transition zone at 
the base of the primary cilium. Mutations in CEP290 can cause number of ciliopathies including 

NPHP and JBS. CEP290 critical for formation of the ciliary transition zone,  CEP290 dysfunction 
can cause loss of primary cilia (Rachel et al., 2015). CEP290 also localizes to the nucleus. Primary 

kidney cells from Cep290-deficient mice exhibited supernumerary centrioles, enhanced DNA 
damage signalling and accumulation of DNA breaks (Slaats et al., 2015). however, CEP290 role 

in the nuclear function and ciliogenesis unknown. 
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Some of the NIMA-related kinase (NEK) family members are mutated in ciliopathies. Studies from 

mouse models with PKD led to identifying mutations in Nek1 and Nek8 (S. Liu, 2002). Furthermore, 
mutations in NEK1 and NEK8 have also been identified in human ciliopathy patients (Schultheiss 

et al., 2008; Thiel et al., 2011). NEK8 acts as a key regulator of ATR-mediated replication stress 
response and limits CDK activity to suppress DSB formation. Interestingly, NEK8 was found to 

function in the maintenance of genomic stability. Knockdown or loss of NEK8 leads to spontaneous 
DNA damage and a defect in the response of cells to induced replication stress. The kidneys of 

Nek8 mutant mice also show accumulated DNA damage. Furthermore, In IMCD3 cells, depletion 
of NEK8 and replication stress induced by aphidicolin cause reduced ciliary frequency. This 

suggests that defective replication stress response may contribute to the development of renal 
ciliopathies (Choi et al., 2013). 

 
ATR kinase is a master regulator of DNA damage signalling. Defects in ATR cause Seckel 
syndrome characterized by dwarfism and microcephaly. A recent study found ATR localized in 

murine photoreceptor cilia. Interestingly, a single allele mutant of Atr is associated with severe 
photoreceptor degeneration in postnatal mice.  These Atr mutant mice had shorter cilia, suggesting 

that the photoreceptor degeneration results from ciliary defects (Valdes-Sanchez et al., 2013). 
Another study in zebrafish embryos showed that depletion of ATR leads to a reduction in cilia 

length and other morphological ciliary dysfunctions. ATR-deficient patient cells did not show 
affected cilia formation but had shorter cilia and impaired cilium-dependent signalling functions 

including growth factor and Sonic hedgehog signalling (Stiff et al, 2016). Altogether, this suggests 
the importance of ATR in the regulation of cilium assembly and signalling. However, ATR’s 

activation and phosphorylation of substrates outside the nucleus that could impact the cilia 
signalling is unknown. 

 
Cilia are present in most human cells, acting as a signalling hub for stress response pathways. 
Few studies have implicated ciliogenesis in the DNA damage response (Avidor-Reiss & 

Gopalakrishnan, 2013; Choi et al., 2013; Fry et al., 2012), and genetic screening studies have 
discovered mutations in genes with dual roles in DDR and ciliogenesis (Airik et al., 2014; Chaki et 

al., 2012; Choi et al., 2013). Many centrosome-localizing DDR proteins have been reported in 
tumorigenesis. It will be interesting to see if DDR proteins are implicated in other ciliopathies or 

whether dysregulation in cilia-associated factors is associated with cancer development and 
progression. 
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1.8 Aims of this project 

In this study we aimed to understand the CHK1 impacts on centrosome numbers in response to 

DNA damage and on primary ciliogenesis. To explore these issues, we took the following 
experimental approaches. 

 
I. In first part of the project, we sought to elucidate the spatiotemporal localisation of CHK1 

in chicken DT40 cells. This would provide information on CHK1 localisation to centrosomes 
and help to understand the regulation of mitotic entry. To determine CHK1 localisation, we 
used CRISPR/Cas9 to tag GFP to endogenous CHK1. These cells were analysed by 

immunofluorescence microscopy. We disrupted CHK1 in MCPH1 null cells to study 
CHK1’s impact on the regulation of centrosome numbers. 

 
II. Given the feasibility of using CRISPR/Cas9 for gene editing in human cells, we aimed to 

disrupt CHK1 and carry out reverse genetic analysis of CHK1, with the overall goal of 
investigating the role of CHK1 in DNA damage-induced centrosome abnormalities. 

 
III. Given the recent evidence linking ciliogenesis and DNA damage responses, we aimed to 

explore the impact of CHK1 on primary cilia formation in human cells.  
 

This thesis work confirms CHK1 as a key regulator of centrosome numbers after DNA damage 
and identifies CHK1 as a positive regulator of primary ciliogenesis. 
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2 Materials and methods 
 
2.1 Materials 

Throughout this study, chemicals were of analytical grade and were purchased from Sigma-Aldrich 

(Arklow, Ireland), Fisher (Loughborough, UK), GE Healthcare Life Sciences (Little Chalfont, UK), 
Lennox Supplies Ltd (Dublin, Ireland), Melford Laboratories Ltd. (Suffolk, UK) or VWR (Bridgeport, 

CT, USA). All solutions were prepared using ddH2O or Milli-Q purified water, Millipore (Billerica,MA, 
USA) and ELGA Purelab flex 3 (ELGA LabWater, Veolia Water Systems, Kildare, Ireland), 

autoclaved or filtered prior to use, if appropriate. Organic solvents, alcohols and acids were 
supplied by Sigma-Aldrich, VWR or Fisher. Oligodeoxynucleotide primers were purchased from 
Sigma-Aldrich. Acrylamide (37:5:1) solution for SDS-PAGE were purchased from Severn Biotech 

Ltd. (Worcestershire, UK). 
 

2.2 Chemical agents and solutions 

Table 2.1: Chemical reagents and buffers 
Reagent  Composition  Notes  

Antibody dilution buffer 1x TBS, 0.1% Tween-20 For dilution of primary and 
secondary antibody for 
western blot 

Blocking solution 
(immunofluorescence 
microscopy) 

1% BSA in 1x PBS. Filter 
sterilised 

For blocking cells and 
diluting antibodies 

Blocking solution 
(western blot) 

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

For blocking of Western blot 
membranes 

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 

To Lyse cells for protein 
extraction 

Coomassie brilliant blue 0.25% Coomassie in 30% 
methanol and 20% acetic acid 

To stain denatured proteins 
on SDS-PAGE gels 

DABCO 
 

2.5% DABCO, 50mM Tris 
base pH 8, 90% Glycerol 
 

For mounting slides 

6x DNA loading dye 
 

20% Sucrose, 0.1M EDTA pH 
8.0,1% SDS, 0.25% 
Bromophenol blue, 0.25% 
Xylene cyanol 

For loading of DNA samples 
on agarose gels 

Destaining solution 20% methanol, 10% acetic 
acid 

To destain Coomassie gels 

Luria-Bertani broth (LB broth) 1% tryptone, 0.5% yeast 
extract, 1% NaCl, pH adjusted 
to 7.0 with 4 M NaOH 
 

Growth medium for bacteria 
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Immunofluorescence fixation 
solution 
 

Methanol supplemented with 5 
mM EGTA 

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

PBS 
Luria-Bertani (LB) medium 
 

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

For growth of bacterial 
(Escherichia coli) cultures 

Mounting medium 0.3% N-Propyl gallate, 80% 
glycerol in 1x PBS 

For mounting 
slides/coverslips after 
antibody staining 

Permeabilization buffer 0.15% Triton X-100 in 1x PBS To permeabilise PFA fixed 
cells  

1x Phosphate buffered 
saline (PBS) 

137mM NaCl, 2.7mM KCl, 
1.4mM NaH2PO4, 4.3mM 
Na2HPO4, pH 7.4 

For washing 
Immunofluorescence slides 

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

0.5% Ponceau S, 5% Acetic 
acid 

For staining western blot 
membranes 

5x protein loading 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 

RIPA buffer 
 

50mM Tris base pH 7.4, 1% 
NP-40, 0.25% sodium 
deoxycholate, 150mM NaCl, 
1mM EDTA 

For extraction of proteins 

Running buffer  1x TG, 0.1% SDS For running acrylamide gels 
1x TAE buffer  
 

40mM Tris base, 20mM acetic 
acid pH 8.0, 1mM EDTA 
 

For preparation and running 
of agarose gels 

1x Tail buffer  
 

50mM Tris base pH 8.8, 
100mM EDTA, 100mM NaCl, 
1% SDS 
 

For extraction of genomic 
DNA 

1x Tris-Buffered Saline (TBS) 50 mM Tris-Cl, pH 7.5 150 mM 
NaCl 

For western blot  

TBS-Tween (TBST) 1x TBS with 0.1% Tween-20 For washing western blots 
1x TE buffer  10mM Tris base, 1 mM EDTA To elute DNA 
   
1x TG buffer  
 
 

25mM Tris base, 192mM 
glycine, pH 8.3 

For making running buffer 
and transfer buffer for 
western blot 

1x Transfer buffer 
 

48mM Tris base, 39mM 
glycine, 20% methanol, 
0.0375% SDS 
 

For semi-dry transfer of 
proteins from SDS-PAGE 
gels to nitrocellulose 
membranes 

2.3 Molecular biology reagents 

Unless otherwise verified, the reagents used for DNA subcloning such as restriction enzymes, calf 

alkaline phosphatase, DNA ligase and Polynucleotide kinase were obtained from New England 
Biolabs (NEB, Hitchin, UK). KOD DNA polymerase, used for polymerase chain reaction reactions 
(PCR), was purchased from Novagen (Darmstadt, Germany). Shrimp alkaline phosphatase (SAP) 

was obtained from USB (Cleveland, USA). DNA 1kb plus ladder was supplied by Invitrogen and 
the protein size marker page ruler plus prestained protein ladder 10-250K (product # 26619) was 
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supplied by Thermo Fischer Scientific. Alternatively, the colour protein standard, broad range 
marker (NEB) was used in this study. Escherichia coli clones were selected using ampicillin or 

kanamycin antibiotics (Sigma) at final concentrations of 50μg/ml or 30μg/ml, respectively. 
 

Table 2.2: The commercial molecular biology kits  
Name Use Supplied by 
High Capacity RNA-to-cDNA 
kit 

cDNA synthesis Applied Biosystems (Life 
Technologies) 

GenEluteTM plasmid 
MiniPrep kit 

Small scale plasmid DNA 
extraction 

Sigma 

MidiPrep kit 
(Endotoxin-free) 

Large scale plasmid DNA 
extraction 

Fisher (Dublin, Ireland) 

QIAquick gel extraction kit Extraction and purification of 
DNA fragments from the 
agarose gel 

Qiagen 

QIAquick PCR purification 
kit  

Purification of DNA fragments Qiagen 

RNeasy Kit Extraction of RNA from 
human cells 

Qiagen 

 

Table 2.3: The cloning and expression plasmids  
Plasmid Name Use Supplied by 
pGEM-T Easy General cloning and for 

assembly of knock out 
targeting vectors 

Promega 

pEGFP-C1/N1 Expression in vertebrate cells Clontech 
pX330 Cas9 nuclease and guide 

RNA for expression of 
CRISPR system 

Addgene, 
Cambridge, MA, USA 

pcDNA 3.1 Expression in mammalian 
cells 

Invitrogen Life technologies 

 
 

Table 2.4: The primary antibodies list for western blot immunodetection and 
immunofluorescence microscopy 
Antigen  Clone/  

Reference  
number  

Host  
Species  

Working  
dilution  
for IB  

Working  
dilution  
for IF  

Source  

5-bromo-2- 
deoxyuridine 

(BRDU) 

B44/347580 Mouse 
monoclonal 

 1:50 for 
FACS 

BD Biosciences, 
NJ, USA 

Alpha-

tubulin 
B512 Mouse 

monoclonal 

1:10000 1:2000 Sigma-Aldrich 

Acetylated 

tubulin 

6-11B-1 /T6793 Mouse 

monoclonal 

- 1:2000 Sigma-Aldrich 
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ARL13B 17711-1-AP Rabbit 

polyclonal 

- 1:2000 ProteinTech 

(Manchester, UK) 

Centrin 20H5 Mouse 

monoclonal 

1:1000 1:1000 EMD Millipore 

(Darmstadt, 
Germany) 

Cep97 22050-1-AP Rabbit 
monoclonal 

1:2000 1:2000 Proteintech 

Cep135 1457 748 Rabbit 
polyclonal 

 1:1000 Dr. Alex Bird (Bird 
and Hyman, 2008) 

Cep135 ab75005 Rabbit 
polyclonal 

 1:1000 Abcam 

CHK1 G4 Mouse 
monoclonal 

1:500 - Santa Cruz (Dallas, 
USA) 

CP110 12780-1-AP Rabbit 
polyclonal 

1:2000 1:2000 ProteinTech 

GAPDH  8884 Rabbit  
polyclonal  

1:5000 - Cell Signalling 

GFP ab6556 Rabbit 
Polyclonal 

1:1000 1:1000 Abcam 
(Cambridge UK) 

GFP 7.1 & 13.1 
/11814460001 

  

Mouse 
monoclonal 

1:1000 1:1000 Roche 

Gamma-

tubulin 

GTU88 Mouse 

monoclonal 

 1:500 Sigma  

Gamma 

tubulin 

SC-7396 Goat 

polyclonal 

- 1:1000 Santa Cruz (Dallas, 

TX, USA) 

PCM-1 817 Rabbit 

polyclonal 

- 1:1000 

 

Dammermann et 

al., 2002 

MCPH1 ab121277 Rabbit 

polyclonal 

1:1000 - Abcam 

(Cambridge UK) 

MCPH1 ABN404 Rabbit 

polyclonal 

1:1000 - EMD Millipore 

(Darmstadt, 
Germany) 

Phospho- 
Chk1 

Ser345 

133D3 Rabbit 
monoclonal 

1:1000  Cell Signalling 
(Danvars, MA, 

USA) 

TTBK2 15072-1-AP Rabbit 

polyclonal 

 1:1000 ProteinTech 
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Table 2.5: Secondry antibodies used in Immunoblot and immunofluorescence microscopy 
(IF)  
Label Reactivity Host  

Species  
Working  
dilution  
for IB  

Working  
dilution  
for IF  

Source  

HRP  
 

Rabbit IgG (H & L) Goat 1:5000 - Jackson 
Labs 

HRP  Mouse IgG (H & L) Goat 1:5000 - Jackson 
Labs 

Alexa Fluor 488 
 

Mouse IgG (H & L) Donkey - 1:200 Jackson 
Labs 

Alexa Fluor 594 
 

Rabbit IgG (H & L) 
 

Donkey - 1:1000 Jackson 
Labs 

FITC 
 

Mouse IgG Donkey - 1:50 for 
FACS 

Jackson 
Labs 

Cy5 Mouse IgG Donkey - 1:50 for 
FACS 

Jackson 
Labs 

 

Table 2.6: Antibiotics used in this study  
Name of the drug Final concentration 
Blasticidin 25μg/ml 

Geneticin (Invitrogen) 1-2mg/ml 

G418 (Invivogen) 1-2mg/ml 

Hygromycin 2-2.5mg/ml 

Puromycin 0.5-5μg/ml 

 

2.4 Nucleic Acid Techniques 

2.4.1 Genomic DNA extractions  

Genomic DNA extracted from chicken DT40 cells, suspension and adherent human cells was used 

as a target from which to amplify genomic regions for gene targeting. 1.5ml of confluent suspension 
cells or the cells from a confluent 6 well dish were pelleted at 160 g for 5 mins. Pellets were 

resuspended in 500µl of Tail buffer (supplemented with 0.5mg/ml proteinase K) and incubated at 

55°C for 3 hours or overnight at 37°C. Subsequently, each sample was shaken vigorously for a 

further 5 minutes at 180 g in a shaking heating block for 5 minutes. After shaking, 200μl of 5M 
NaCl was added and the samples were shaken for 5 more minutes and centrifuged at top speed 

for 10 minutes at room temperature. The supernatant of each tube was then transferred to a clean 
micro-tube and an equal volume of isopropanol was added. After mixing by inversion, this mixture 

was centrifuged for 10 minutes at top speed at room temperature to pellet the precipitated DNA. 
The DNA pellets were washed with 70% ethanol, air dried and resuspended in 50-100μl of MilliQ 
H2O. The DNA was left to resuspend at 37°C. 
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2.4.2 Polymerase Chain Reaction (PCR)  

PCRs were performed on an Eppendorf Mastercycler Nexus Gradient (Hamburg, Germany) 

machine using KOD hot start polymerases. Tables 2.7 and 2.8. have examples of the PCR 
programmes and conditions used. 

 
Table 2.7: Typical PCR reaction mixture 
Reagent Final Concentration 

 

PCR buffer 1X 

Mg2+ 1mM 

dNTPs 200µM 

DMSO 2% 

Primers 0.25µM 

Template 1-4 ng/ µl 

Polymerase Enzyme 0.02 U/ µl 

 
Table 2.8: PCR programmes 
PCR step Temperature and time 

 
Initial denaturation 95°C for 2 min 

Denaturation 95°C for 30 sec 

Annealing Temperature gradient 

range 55o-75o for 45 secs 

Extension 72°C for 60 sec 

 

Final extension 72°C for 5 min 

 

2.4.3 RNA extraction and cDNA synthesis 

RNA extraction from human cells was performed using the RNeasy kit for cDNA synthesis. 
according to the kit manufactures instructions. 1x106 cells was resuspended in extraction buffer 

and the protocol followed until the last step. In the last step, RNA was eluted in 30-50 µl nuclease-
free DEPC treated water. The RNA concentration was quantified using a NanoDrop 2000c 

spectrophotometer at the 260 nm absorbance and samples were stored at -80°C. For cDNA 
synthesis, approximately 2 μg of total RNA was used. The cDNA was then used as a template for 
the amplification of specific cDNA sequences. 

 

30 cycles 
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2.4.4 Plasmid DNA preparation 

Plasmid DNA preparation was carried out using the Gene Elute plasmid MiniPrep kit (for 

subcloning and clone screening), MidiPrep kit (to prepare a higher amount of plasmid for various 
uses, mainly transfections) and the Endotoxin-free MidiPrep kit (if used in transient transfections). 

In these procedures, plasmid DNA was isolated according to the manufacturer’s instructions. For 
plasmid MiniPrep extraction, 4ml cultures of E. coli were grown overnight in the presence of 

selective at 37°C overnight with shaking at 160-180 rpm. For MidiPrep plasmid preparations, 
100ml of E. coli cultures were used. The resulting plasmid DNA was eluted/resuspended in 100 µl 
of MilliQ H2O, quantified using a NanoDrop 2000c spectrophotometer and stored at -20°C. 

2.4.5 Restriction enzyme digestion of DNA 

All restriction endonucleases used for DNA digestion were supplied by NEB and reactions were 

performed at the optimal conditions in presence of buffer at 1x final concentration with or without 
BSA(0.1mg/ml) as stated in the supplier’s catalogue. Typically, 200-400ng of DNA were digested 

for plasmid DNA screening and 0.5- 2μg of DNA were used to prepare restriction fragments for 
ligation. Incubation times ranged from 2-16 hours, depending on the type (plasmid or genomic) 

and amount of DNA being digested. When appropriate, the enzymes were heat inactivated using 
the recommended conditions (65oC or 80oC for 15-20 minutes). 

2.4.6 Dephosphorylation of DNA 5’ ends for DNA subcloning 

The linearised DNA vector was treated with shrimp alkaline phosphatase (SAP) in order to 
dephosphorylate the 5’ ends of linearised DNA to reduce its self-ligating potential. SAP is fully 

active with any restriction enzyme buffer or with the supplied SAP buffer. 1U was added per 
reaction which was incubated at 37°C for 30mins. SAP was completely inactivated by heating at 

65°C for 5 minutes. 

2.4.7 DNA purification or precipitation 

For DNA extraction, bands of interest were excised from the gels using a clean scalpel blade and 

placed in 1.5 ml microtubes. DNA was then extracted using the Qiagen Qiaquick gel extraction kit 
according to the manufacturer’s instructions and eluted with 20μl of warm MilliQ H2O or TE buffer 

(~50°C). Linearised plasmid DNA was precipitated and purified prior to transfections by adding 
1/10 volume of 3M sodium acetate, pH 5.2 and 1 volume of isopropanol. The sample was then 

mixed, and the DNA was pelleted at top speed for 10 minutes. The pellet was washed with 70% 
ethanol, and after removing the ethanol the pellet air dried. the DNA was resuspended in 50-100μl 
of MilliQ H2O and incubated at 37°C for 10-20 mins. 
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2.4.8 DNA ligation 

Before DNA ligations, Sigma clean-up columns were used according to the manufactures protocol 

to purify plasmid DNA fragments after SAP or CIP treatments and between sequential restriction 
endonucleases digestion to remove buffer salts and enzymes. The vector and insert fragment 

concentrations were measured and ligations was set up with linearized vector and insert ratios 
between 1:3-1:6 were used. The ligations were performed in the 15-20μl reaction volume using 

200-400U of T4 DNA ligase supplemented with the buffer provided. Ligation reactions were 
incubated for 1-3 hours at room temperature or overnight at 16°C prior to transformation of 
competent E. coli cells. 

2.4.9 Preparation of competent Escherichia coli cells 

The E. coli Top10 strain with following genotype: F- mcrAΔ(mrr-hsdRNS-mcrBC) φ80lacZΔM15 

ΔlacX74deoR recA1 araD139 Δ(ara-leu)7697 galU galK rpsL(StrR) endA1 nup was used for 
general subcloning. To prepare chemically competent E. coli cells, a 5ml culture was grown 

overnight and diluted 1:50 in 400ml LB media. After growth of approximately 2-3 hours at 37°C (to 
an OD600 of 0.4-0.8), the cells were placed on ice for 5 minutes. In order to make highly efficient 

competent cells all the following steps were carried out in a cold room with all material and solutions 
chilled to 4°C prior to use. E. coli cells were pelleted by centrifugation at 180 g for 15 minutes at 
4°C. After decanting the supernatant, the cells were resuspended in 0.1M CaCl2 (50ml per 100ml 

of culture) and incubated on ice for a minimum 30 minutes. Subsequently, the cells were pelleted, 
and the pellet was resuspended gently in 0.1M CaCl2 supplemented with 15% glycerol (10ml per 

100ml of culture). The competent cells were aliquoted in 100μl aliquots into 1.5ml eppendrof tubes, 
immediately tubes were transferred to dry ice and aliquots were stored at -80°C. 

2.4.10 Escherichia coli transformation 

50μl or 100μl of chemically competent bacterial cells were thawed on ice prior to addition of ligation 
mixture or plasmid DNA. After mixing, the cells were incubated on ice for 30 minutes, heat shocked 

at 42°C for 45 seconds and finally placed on ice for 5 minutes to recover. 900μl of LB broth was 
added to the mixture and the cells were incubated with gentle shaking for 1 hour at 37°C. Following 

this, the cells were spun down at 11000 g for 30 seconds and resuspended in 100μl of LB to spread 
on LB broth agar plates containing the appropriate antibiotic selection and incubated overnight at 

37°C incubator. Colonies were picked and grown overnight in LB broth cultures with antibiotic at 
37°C with agitation and used for plasmid DNA isolation the next day. 
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2.4.11 Agarose gel electrophoresis  

This method allowed separation and size determination of DNA fragments to confirm DNA 

subcloning or to check the quality of DNA by running them in agarose gels. 0.8-1.2% agarose gels 
were prepared in TAE buffer supplemented with 0.5μg/ml ethidium bromide and were run in Hoefer 

HE33 tanks (Amersham), in TAE buffer at 150-200V for 30-40 minutes. The DNA fragments in the 
gels were then visualized on a UV light transilluminator and images were captured with the 

attached digital camera (Alpha Innotech ChemiImager 5500, Medical Supply Company, Dublin, 
Ireland). 
 

2.5 Protein techniques 

2.5.1 Protein sample preparation and Bradford protein assay  

To prepare whole cell extracts, adherent cells were detached from the dish by trypsinisation and 

1-2ml of confluent suspension cells were centrifuged at 160 g for 5 minutes, cells were washed in 
1X PBS and pelleted again. After removing the PBS, pellets were resuspended in a small volume 

of RIPA (lysis) buffer (50-70μl per ~3-4x106 cells) and incubated on ice for 30 minutes, vortexing 
every 10 minutes. The lysed cells were then centrifuged at top speed for 20 minutes at 4°C and 

the supernatant containing solubilised proteins transferred to new tubes. The extracts were 
quantified by Bradford assay as follows: 1μl of protein extract was added to a 1:1 dilution of 

Bradford protein assay reagent in plastic cuvettes and mixed. The absorbance of each sample 
was determined at 595nm using a spectrophotometer and the protein concentration was 

determined using a bovine serum albumin standard curve. Estimated samples were stored at -200 
C or -800C. 

2.5.2 SDS PAGE 

Generally, 25-50μg of protein in 1x sample buffer containing 10% β-mercaptoethanol was loaded 
per well next to a prestained broad range protein marker determine the molecular weight. Before 

loading, samples were heat denatured at 95°C for 10 minutes and spun in a microcentrifuge. In 
this study, 10-12% SDS-PAGE gels were used to separate protein samples (composition in Table 

2.9). Gels were run at 180V for 90 to 120 minutes in running buffer using the Hoefer VE 

equipment. 
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Table 2.9: SDS-polyacrylamide gel composition 
Reagent Resolving 

gel               
Stacking gel 

30% Acrylamide mix (37.5:1) 10-12% 4.5% 
Tris-HCl, pH 8.8/6.8 375mM 125mM 
Sodium dodecyl sulphate (SDS) 0.1% 0.1% 
Ammonium persulfate (APS) 0.1% 0.1% 
Tetramethylethylenediamine (TEMED) 0.04% 0.1% 

 

2.5.3 Western blot transfers 

After separation by polyacrylamide gel electrophoresis, proteins were transferred to a 
nitrocellulose membrane (GE Healthcare, UK) using a semidry transfer unit (Trans-Blot SD Semi-

Dry Transfer Cell) or with a wet transfer unit. In this transfer protocol, following electrophoresis, the 
gels were equilibrated in transfer buffer 5-10 mins required for a 1.5mm SDS-PAGE gel. A 

nitrocellulose membrane and two thick sheets of Whatman filter paper were cut to the dimensions 
of the gel. Prior to use, membrane and filter paper were soaked in transfer buffer. Firstly, thick 

Whatman filter paper was placed onto the platinum anode and the equilibrated membrane was 
placed on top of the filter paper, avoiding air bubbles. Carefully, the equilibrated gel was placed on 

top of the transfer membrane, aligning the gel on the center of the nitrocellulose membrane. On 
top of the gel, the other filter paper was placed carefully, avoiding air bubbles between the gel and 

filter papers. Finally, a test tube was used to remove air bubbles, if any, by rolling on the gel-paper 
sandwich. The cathode side of transfer unit was placed on the stack covered with the safety unit. 

The semi-dry transfer was carried out for 45-90 minutes at a voltage that depended on the size of 
the gel (1 mA per cm2) using a Hoefer TE70 Semi-transfer unit. For wet transfer, proteins were 
transferred at 4°C for 2-3 hours at 100V, 300mA in a TE22 small transfer unit. 

2.5.4 Western blot (Immunoblotting) 

After the transfer, the membrane was soaked in Ponceau solution for 5 minutes with gentle rocking 

to assess transfer efficiency. An image was taken as reference for transfer quality and protein 
loading control. The Ponceau stain was then removed by washing for 2-3 minutes in TBS and the 

membrane was incubated with 5% milk in TBS/0.05% Tween-20 (TBST) solution for 60-90 minutes 
at room temperature on a rocking platform. After blocking, the membrane was incubated with a 
primary antibody diluted in TBST solution overnight at 4°C with gentle rolling. After three 5 minutes 

washes in TBST, the membrane was incubated with an HRP-conjugated secondary antibody 
diluted TBST solution for 45 minutes to 1 hour at room temperature with gentle rocking. The 

membrane was washed again in TBST 3 times. The ECL detection kit (Amersham) was used 
according to the manufacturer’s instructions. This was followed by autoradiograph film exposure 

and development using an automatic machine (CP 1000, AGFA, Brentford, UK). 
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2.6 Cell biology techniques 

2.6.1 Chicken DT40 culture maintenance  

To maintain DT40 chicken B lymphocyte cells growing exponentially 39°C with 5% CO2, new 

cultures were started by adding a minimum of 100μl of confluent cells (approximately 105 cells) 
into 10ml of fresh Roswell Park Memorial Institute (RPMI) 1640 media (Gibco, MA, USA) 

supplemented with 10% Fetal Bovine Serum (FBS, Sigma-Aldrich), 5% chicken serum (Sigma-
Aldrich) and 1% penicillin/streptomycin (P/S, Sigma-Aldrich). Cell density was always maintained 

below 1x106 cells/ml. For freezing and storage, 3x106 confluent cells were centrifuged at 160 g, 
the supernatant removed, and the pellet resuspended in 3ml of Freezing mixture (FBS 

supplemented with 10% DMSO). The aliquots of 500 μl/vial were then stored at -80ºC. To wake 
up the cells from cryogenic storage, the entire contents of one vial were added into 10ml of 370 C 

media. 

2.6.2 Human Cell culture 

Cell lines used in this study along with growth conditions is summarized in the table 2.10. Adherent 

human cells were maintained to 80% confluency at a cell density of 3-5 x106 cells/10cm dish 
depending on the cell type. Cells were passaged by washing in 1XPBS followed by trypsinizing in 

1X trypsin for 2-3 minutes in the 37ºC incubator, later trypsin was neutralized by adding pre-
warmed fresh medium. Generally, a 1:10 dilution (3x105/10cm dish) of the cell suspension was 

plated and dishes was transferred to incubator for cell cultivation. For freezing and storage of cell 
stocks, 1x106 cells /vial were harvested and suspended in 500 μl/vial of freezing mixture. These 

aliquots of cells with freezing media were stored in -80ºC for a week or stored in liquid nitrogen for 
long-term storage.  

 

Table 2.10: 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 

Meng-Fu Bryan Tsou 
(Izquierdo et al., 2014) 

DMEM F12 

TP53-/- hTERT-RPE1 Non-transformed, h-TERT 
immortalised human retinal 
epithelial cell line 

Meng-Fu Bryan Tsou 
(Izquierdo et al., 2014) 

DMEM F12 

TP53+/+ HCT116 
(wild-type) 

Human colorectal carcinoma 
cell line; clone 40-16 

Bunz et al. 1998 DMEM 

TP53-/-HCT116 Human colorectal carcinoma 
cell line, p53 null cells; clone 
379.2 

Bunz et al. 1998 DMEM 

DT40 Chicken B-cell lymphoma 
cell line 

Prof. Ciaran Morrison 
(NUI Galway) 

RPMI-1640, 
1% CS 

TK6 human lymphoblast cells ATCC® CRL-8015 RPMI-1640 
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2.6.3 Chicken DT40 stable transfection 

Electroporation was performed to introduce gene targeting vectors into DT40 cells. For stable 

transfection, 1x107 cells were spun down, washed in PBS and resuspended in 0.5ml of PBS. The 
cell suspension was then transferred to a Bio-Rad 0.4μm cuvette along with 30µg of linearized 

targeting vector and incubated on ice for 10 minutes. Subsequently, the cells were electroporated, 
at 300V/600μF or 550V/25μF, using a Gene Pulser apparatus from Bio-Rad (Hemel Hempstead, 

UK) and incubated on ice for 10 more minutes. The cells were transferred from the cuvette to a 
plate containing 10ml of pre-warmed fresh medium and returned to the incubator for 20-24 hours. 
After this period, a volume of 50ml medium was added with an appropriate antibiotic for selection 

and the culture was plated out in 4x 96-well plates. Colonies usually became visible after 6-8 days. 
When the colonies were approximately 2mm in diameter, they were expanded to 2ml cultures in 

24-well plates and further incubated for 2-3 days. When confluent, 1ml of culture was frozen and 
1ml used for genomic DNA preparation or for protein extraction for screening. 

2.6.4 Chicken DT40 Transient transfection 

Transient transfections with the plasmids were carried out using the Amaxa nucleofection system 

(Gaithersburg, USA) kit T (VCA-1002) as described in the manufacturer’s protocol. Briefly,5 μg of 
pX330-gRNA (Appendix-III) and 10 μg of linearized endotoxin-free plasmid DNA (Plasmid DNA 
preparation) was added to 3x106 cells, previously resuspended in 100μl of Solution-T (supplied 

with the kit). This mixture was immediately transferred into an Amaxa transfection cuvette and 
nucleofection was performed using the Amaxa program B-23. The cells were then pipetted into 

10ml of prewarmed media incubated for 24 hours. After 24 hours, live cells were diluted to 10 
cells/ml, then plated in 4x 96-well plates (100μl/well = 1 cell/well) without any antibiotic selection. 

After 6-8 days, single colonies are isolated and expanded for further analysis. When confluent, 1ml 
of culture was used for genomic DNA preparation or to extract proteins for screening.  

2.6.5 Human cells Transient overexpression 

Human cells were plated for transient plasmid DNA transfection at 50-60% confluency (1x105 cells 
per well of 6 well plate) the day before transfection. The next day, 1-2 μg of plasmid DNA was 

complexed with transfection reagent Lipofectamine 2000 in Opti-MEM Reduced Serum Medium 
(Invitrogen, Life Technologies) according to manufacturer’s instructions. After 24 hours of 

transfection, the medium was replaced with fresh medium. After 48-72 hrs cells were trypsinized 
and neutralised with growth media. cells were spun down and processed for protein extraction for 

immunoblotting. For immunofluorescence, the coverslips with cells were fixed for analysis. 

2.6.6 siRNA knockdown transfection 

Human cells were plated at 30-40% confluency the day before transfection. The next day, the cells 

were transfected using 3μl of Oligofectamine Transfection Reagent (Invitrogen) diluted in Opti-
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MEM serum-free medium (Invitrogen) as per manufacturer’s instructions. siRNA oligos were 
obtained from sigma-Aldrich, siRNA oligo sequence is listed in table. siRNA was transfected at 

concentrations of 50nM and 100nM for 4 hours incubated at 37°C in Opti-MEM medium. DMEM-
F12 containing 30% FBS was added to transfected cells and incubated for 48 hours before 

harvesting for protein extraction or fixation for immunofluorescence. 

2.6.7 Human cells Stable Transfection 

Human cells were plated for DNA transfection at 70-80% confluency (1.2x105 cells per well of 6 
well plate) the day before transfection. The next day, 5 μg of linearized plasmid DNA was 
complexed with Lipofectamine 2000 in Opti-MEM Reduced Serum Medium (Invitrogen, Life 

Technologies) according to manufacturer’s instructions. After 24 hours after transfection, medium 
was replaced with fresh media containing antibiotic. After 48 hours cells were trypsinized and 

serially diluted to plates with fresh medium containing antibiotic (G418 or puromycin or blasticidin) 
and incubated at 37°C for 8-10 days to form colonies. Later, single colonies were picked carefully 

and expanded into 24 well plates. After 3-4 days, confluent clones were expanded to 6 well plates 
and cultured until confluency and analysed.  

 

2.7 CRISPR/Cas9 mediated gene targeting 

2.7.1 Guide RNA design and assembly of target CRISPR plasmid 

The guide RNA (gRNA) vectors were designed and generated according to instructions provided 
on the website of Addgene (https://www.addgene.org/crispr/zhang/- Zhang Lab General Cloning 

Protocol). Briefly, guide RNA was designed by using the CRISPR design tools available online, 
optimised CRISPR tool and CHOPCHOP (https://chopchop.cbu.uib.no/). Designed gRNA oligos 

was obtained from Sigma-Aldrich and oligos were phosphorylated with T4 Polynucleotide Kinase 
as per manufacturer’s protocol. Oligos were then annealed at 95°C for 5 minutes and left to cool 
slowly. These assembled oligos were ligated to pX330 plasmid which had been linearized with 

BbsI and dephosphorylated with SAP. The ligation mixture was transformed into E. coli Top10 
competent cells. Successful cloning was verified by BbsI and ApaI restriction endonucleases and 

positive clones were confirmed by Sanger sequencing. 
 

2.7.2 CRISPR plasmid transfection and stable cell line generation 

To generate hTERT-RPE1 stable gene knockout cell lines, confirmed CRISPR/Cas9 plasmid DNA 
(2 μg) was transfected along with selection plasmid (0.5 μg) (Table 2.3) and 5-10 μg of linearized 

target plasmid for generating knock-in cell lines, were complexed with Lipofectamine 2000 in Opti-
MEM for 20 min. After 24 hours, the media was replaced with fresh growth medium containing 

antibiotics (G418 or Blasticidin). After 48-72 hours, cells were serially diluted to isolate single 
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colonies and further steps were same as described in section 2.4.7. The single colonies were 
transferred to 24 wells using cloning discs. Confluent clones were expanded in two wells of a 6-

well dish. Once confluent, one well of cells were frozen (stored in -800 C) and the other well cells 
were harvested for western blot analysis and gDNA extraction for further analysis. 

 

2.8 Immunofluorescence microscopy 

2.8.1 Fixation and Staining methods 

2.8.1.1 Methanol fixation: 

Chicken DT40 cells were adhered to poly-L-lysine coated slides for 10-15 minutes at room 

temperature. Adherent cells were grown on sterile UV treated coverslips. Medium was aspirated, 
cells were fixed and permeabilised in 95% methanol with 5mM EGTA (pre-chilled in -20°C) for 3 
minutes (DT40 cells) and 10 mins at -20°C for adherent cells. The slides were quickly washed in 

PBS after each of the previous steps and care was taken to ensure that slides did not dry during 
the rest of the procedure. 

2.8.1.2 Paraformaldehyde fixation, staining, and image processing for 
quantification 

In this method, growth medium was removed, and cells were fixed in 4% (w/v) paraformaldehyde 

(PFA), diluted in 1x PBS for 10 minutes at room temperature. After removal of the 
paraformaldehyde, cells were permeabilised with 0.15% Triton X-100 in diluted in 1X PBS for 2 

minutes. Before staining, cells were washed three times with 1x PBS. After fixation and 
permeabilization, cells were incubated in 1% (w/v) BSA blocking buffer for 30 minutes at room 

temperature. Subsequently, the cells were incubated with primary antibody (see Table 2.4) diluted 
in blocking buffer for 1 hour at 37°C. Slides/coverslips were then washed 3 times 5 minutes in PBS 

and incubated with fluorophore- conjugated secondary antibodies (details on Table 2.5) diluted in 
blocking buffer for 45 minutes at 37°C in a dark humid chamber. Afterwards, the slides/coverslips 
were washed again 3 times in 1x PBS for 5 minutes and mounted in DABCO (anti-fade) 

supplemented with 1μg/ml DAPI. The slides/coverslips were sealed with nail varnish and stored at 
4°C in the dark. Imaging was performed using an Olympus IX81 microscope (Hamamatsu C4742-

80-12AG camera) with 60x and 100x 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. Images were saved 
as Photoshop version 20.0.0 TIFF files for further processing and analysis. PCM1 and CP110 

signals were captured with 0.4 μm Z-steps. Images were then deconvolved using fast restoration 
in Volocity. PCM1 and CP110 were then derived using the following three steps: Remove noise 

from object (Input: ROIs; Filter: Fine filter); Find objects using mean intensity in FITC channel using 
lower limit of 10 and an upper limit of 100; Exclude object by size < 0.02 μm3. 
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2.9 Flow cytometry 

2.9.1 Propidium iodide staining 

For cell cycle profiling, the genomic DNA of cells were stained with propidium iodide (PI) and cells 

analysed by flow cytometry. Briefly, 0.5-1x106 cells were pelleted and fixed with 70% ice-cold 
ethanol for minimum 2 hours or overnight at 4⁰C. After washing in PBS, cells were incubated in 

40μg/ml propidium iodide and 200μg/ml RNase A in PBS for minimum 30 minutes in the dark.  
Cells were then analysed using a FACS Canto (Becton Dickinson, San Jose, CA), BD FACS Diva 

Software version 8.0 and Flow Jo software version 10 for further analysis. 

2.9.2 BrdU incorporation 

To assess the distribution of cells in each different cell cycle stages, 0.5-1x106 cells were cultured 
with 20μM 5-bromo-2’-deoxydine for 30 minutes, then cells were harvested and washed in 1X 
PBS. After fixation in 70% ice-cold ethanol overnight at 4⁰C, cells were washed in 1% BSA PBS 

solution, incubated in 2M HCl with 0.5% Triton X-100 for 30 minutes at 37°C and washed again. 
Cells were then incubated with 30% anti-BrdU (BD Biosciences) in 1% BSA-PBS solution with 

0.5% Triton X-100 for 1 hour with shaking at 37°C. After a wash, cells were incubated with 
Indodicarbocyanine, Cy5 anti-mouse antibody (Jackson ImmunoResearch Laboratories) diluted 

1:50 in 1% BSA-PBS solution for 30 minutes at 37°C. Finally, cells were stained with PI/RNase A 
solution section.  

2.10 Computer programmes and online tools used in this study 

DNA subcloning and plasmid maps were designed with the Snapgene viewer software 
(https://www.snapgene.com/snapgene-viewer/). GraphPad Prism 8 (La Jolla, USA) was used to 

perform statistical analysis.  Jalview software was used for multiple sequence alignment, 
visulaisation and analysis. The following databases and programmes were used for bioinformatics: 

 
- NCBI gene database (http://www.ncbi.nlm.nih.gov/gene/); 

- ENSEMBL chicken database (http://www.ensembl.org/Gallus_gallus/Info/Index); 
- ESTs database (expressed sequence tags) (http://www.ncbi.nlm.nih.gov/dbEST/); 

- BLAST (http://www.ncbi.nlm.nih.gov/BLAST); 
- ExPASy Translate (http://web.expasy.org/translate/) 

- ExPASY Compute pI/Mw tool (http://web.expasy.org/cgi-bin/compute_pi/pi_tool) 
- ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). 
- Double Digest Finder (https://www.neb.com/tools-andresources/interactive-tools/doubledigest-        

                                      finder) 
- Nucleic Acid Sequence Massager (http://www.attotron.com/cybertory/analysis/seq 

                                                         Massager.htm) 
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3 Disruption of CHK1 and Knock-in of eGFP to 5’ end of CHK1 using 
CRISPR/Cas9  
 
3.1 Introduction 

Centrosomes are major centres for controlling microtubule dynamics in the cell. They play a crucial 
role in the formation of bipolar mitotic spindles, which ensure accurate segregation of 

chromosomes during mitosis. Centrosome numbers are tightly regulated throughout the cell cycle. 
DNA damage-induced centrosome amplification is a well-established phenomenon in mammalian 

cells (Dodson et al., 2004; Ganem et al., 2009; Pellman, 2014). Previous work from our group 
showed that DNA damage-induced centrosome amplification requires CHK1 kinase - a DNA 

damage responsive cell cycle checkpoint protein (Bourke et al., 2010; Bourke et al., 2007). To 
date, how CHK1 controls the generation of extra centrosomes is unknown. Furthermore, the 
spatiotemporal localization of CHK1 is unclear.   

 
Activation of CDK1/Cyclin B protein kinase is required for the initiation of mitosis. In human cells, 

active CDK1/Cyclin B is initially detected at centrosomes in prophase (Jackman et al., 2003; Nurse, 
1990). Krämer and colleagues described centrosomal-associated CHK1 regulation of CDC25B for 

the activation of CDK1/cyclin B in controlling mitotic entry. In this study, they also showed that 
human CHK1 localizes to centrosome during interphase in unperturbed cells and the localization 

of CHK1 to centrosomes influenced centrosomal mitotic activity. In this work, the DCS-310 anti-
CHK1 antibody was used in microscopy studies to describe CHK1 at centrosomes. Kramer and 

group also localised GFP-CHK1 to centrosomes in U2OS cells during the unperturbed cell cycle 
(Kramer et al., 2004). 

 
Contrary to these findings, Matsuyama and colleagues showed that nuclear CHK1, but not 
centrosome-associated CHK1 that controls the timing of mitotic entry. They showed that the 

reagent used to study localization, the DCS-310 anti-CHK1 monoclonal antibody, cross-reacted 
with a centrosomal protein, Ccdc151. In this study, they showed a persistent signal in CHK1 

conditional knockout murine fibroblasts stained with DCS-310 antibody. The absence of a 
centrosomal signal with myc-CHK1 in human DLD1 colon carcinoma cells or FLAG-CHK1 in Hela 

cells showed the non-specificity of DCS-310 antibody. This led to the identification of a cross-
reactivity of DCS-310 with Ccdc151 in HeLa cells (Matsuyama et al., 2011).  

 
CHK1 localization studies indicate strong evidence for a centrosomal population of CHK1 but only 

in a small proportion when compared to the nuclear fraction; furthermore, this may vary with cell 
type (Mullee & Morrison, 2016). It is not necessary for CHK1 to be associated with centrosomes 

throughout the normal cell cycle. In chicken DT40 cells, we have found that GFP-CHK1 
overexpressed in CHK1 nulls localises to centrosomes, but only after DNA damage (Antonczak et 



 

 63  

al., 2016). Supporting the centrosomal localisation of CHK1, several other groups have described 
CHK1 at centrosomes using various anti-CHK1 antibodies in the presence and absence of DNA 

damage (Table 3.1). 
 
Table 3.1: List of studies showing CHK1 localisation at centrosomes 
 

Serial 
no. 

Cell line   Condition  Antibody Reference 

1. U2OS cells  Unperturbed  Mouse monoclonal 
anti-CHK1 (DCS-310) 

(Kramer et al., 
2004) 

2. Mouse embryonic stem 
cells 
 

DNA Damage Mouse monoclonal 
anti-CHK1 (sc-8408), 
rabbit polyclonal anti-
pCHK1 S345 

(Niida et al., 2007) 

3. 
 

ATR Seckel fibroblasts 
(F02-98), BJ fibroblasts, 
U2OS cells 

DNA Damage Mouse monoclonal 
anti-CHK1 (DCS-310)  

(Loffler et al., 
2007) 

4. Hela cells Unperturbed Rabbit polyclonal 
anti-CHK1 (FL-476): 
sc-7898 

(S. Zhang et al., 
2007) 

5. Hela cells Unperturbed Mouse monoclonal 
Anti-CHK1 (DCS-310) 

(Boutros & 
Ducommun, 2008) 

6. H1299 lung carcinoma 
cells, DLD-1 human 
colon cancer cells 

Unperturbed Rabbit polyclonal 
anti-pCHK1 S345 
(Cell Signalling) 

(Wilsker, 2008) 

7. 
 

U2OS cells Unperturbed Mouse monoclonal 
anti-CHK1 (DCS-310) 

(Tibelius et al., 
2009a) 

8. HCT116 cells DNA Damage mouse monoclonal 
anti-CHK1 (sc-8408), 
anti-CHK1 (DCS-310) 

(Katsura et al., 
2009) 

10. U2OS cells Unperturbed Mouse monoclonal 
anti-CHK1 (DCS-310) 

(Jiang et al., 
2009)  

11. Mouse embryonic stem 
cells 

Unperturbed 
and DNA 
damage 

Mouse monoclonal 
anti-CHK1 (DCS-310) 

(Koledova et al., 
2010) 

12. 
 

Neuroprogenitor cells Unperturbed Rabbit polyclonal 
anti- CHK1 (Cell 
Signalling) 

(Gruber et al., 
2011) 

13. Hela cells Unperturbed Mouse monoclonal 
anti-CHK1 (DCS-310) 

(R Boutros et al., 
2011) 

14. 
 

HEK293 cells (*CHK1-S 
localisation) 

Unperturbed  N/A (Pabla et al., 
2011) 

15. HCT116 cells Unperturbed Mouse monoclonal 
anti-CHK1 (DCS-310) 

(Sorino et al., 
2013) 

16. 
 

U2OS cells DNA Damage Mouse monoclonal 
anti-CHK1 (sc-8408) 

(S. H. Kim et al., 
2014)  

17. 
 

Hela cells Unperturbed  Mouse monoclonal 
anti-CHK1 (sc-8408),  
Rabbit polyclonal 
anti-pCHK1 S345 

(S. H. Kim et al., 
2014) 

 
 

 



 

 64  

Thus, it is unclear whether nuclear or centrosomal CHK1, or combination of the two, regulates 
mitotic entry. A proper understanding of this pathway will also help us to understand how CHK1 is 

involved in DNA damage-induced centrosome overduplication. To resolve the protein localization, 
we sought to replace the endogenous CHK1 alleles with alleles expressing GFP-tagged CHK1 

fusion protein in the highly recombinogenic chicken DT40 B cell line. To achieve this, we took a 
CRISPR/Cas9 mediated gene editing approach.  

 

3.2 CRISPR/Cas9 mediated targeting of CHK1 with GFP  

During previous work in our lab we sought to replace the endogenous CHK1 allele with a knock-in 

construct encoding a GFP-CHK1 fusion protein in chicken DT40 cells (Basavaraju S, MSc by 
Research Thesis 2014). We were successful in generating a heterozygous CHK1+/GFP cell line via 

classic gene targeting, but we were unsuccessful in generating a homozygous CHK1GFP/GFP cell 
line even after several attempts. In the second round of targeting, the GFP-CHK1 allele was 

retargeted, possibly due to having more homology to the knock-in construct than the wild type 
allele. This was evident with a greater targeting efficiency i.e., 2.5 times more than the first round 

of gene targeting. Another important reason could be the viability of targeted cells. CHK1 is an 
essential gene in mice and humans. Although CHK1-/- DT40 cells are viable, they show significant 

phenotypic abnormalities arising from checkpoint defects (Zachos et al. 2003, Wang et al. 2012). 
 

CRISPR (clustered regularly interspaced short palindromic repeats)/ Cas9 endonuclease-
mediated gene targeting is a technique that enables site-specific gene manipulation. This is guided 
by guide RNAs (gRNAs) that bind specific regions of interest, allowing the Cas9 endonuclease to 

induce a double-strand DNA break in the region 5’ of the PAM (protospacer adjacent motif) 
sequence (Ran et al. 2013, Mali et al. 2013). The induction of DSBs will lead to activation of DNA 

repair, either by the non-homologous end joining (NHEJ) or the homologous recombination (HR) 
pathway (Ciccia & Elledge, 2010). During NHEJ, nucleotide insertion and/or deletion mutations at 

the break site may lead to changes in codon sequence, resulting in a premature stop codon. 
Transcripts harbouring premature stop codon degrades by activation of mRNA decay pathway 

reducing the production of harmful truncated proteins (Chang et al. 2007). This results in the 
functional disruption of the gene. The HR-mediated pathway depends on the availability of a 

template DNA or donor DNA to allow for precise repair through integration of the template DNA 
into the genome based on the homologous sequence. Our strategy to target the wild-type allele in 

CHK1+/GFP cells required the design of gRNA that would target only the wild-type allele but not the 
GFP-CHK1 allele. This would allow the generation of a CHK1GFP/- cell line through the induction of 

insertions or deletions in the wild-type allele.  
 
 



 

 65  

Thus, to disrupt CHK1, we required a gRNA that would bind 5’ of the endogenous ATG codon 
(methionine) in the CHK1 locus. This should promote insertions or deletions in the targeted region 

and thus, our first step was to analyse the genomic sequence of CHK1 surrounding the start codon 
(ATG), for which we used the NCBI and Ensembl databases. Using an online gRNA database 

(optimised CRISPR design, http://CRISPR.mit.edu/) we chose 2 gRNAs predicted to target exon 
1 of CHK1, with high targeting scores according to the database. 

 
To disrupt the remaining wild-type allele in the CHK1+/GFP cell line, chicken DT40 cells were 

transfected with pX330 containing the gRNA sequence specific to the target region using 
nucleofection (Figure 3.1A, B). After 7 days, single colonies were individually expanded and 

subsequently clones were examined by immunoblot analysis. In this round of targeting, there was 
only one colony formed for each gRNA, one clone for gRNA1- and one for gRNA2-transfected 

cells. We screened both clones by immunoblot analysis and obtained one positive clone with a 
loss of CHK1 signal corresponding to protein size 54kDa on immunoblot probed with anti-CHK1 
G4 antibody (Figure 3.1C). These data suggest that we successfully generated a monoallelic 

CHKGFP/- cell line and confirm that gRNA2 specifically targeted the 5’ end of the CHK1 wild-type 
allele. Later, this cell line was used for studying GFP-CHK1 localization.   

 
Figure 3.1: CHK1 locus editing using CRISPR/Cas9 
A. Schematic showing the chicken DT40 CHK1 locus with exons indicating guide RNAs targeting 5’ 
end of CHK1. B. A detailed illustration of CHK1 targeting region with gRNA target sequences 
highlighted. The PAM sequence is highlighted with a pink background. C. Immunoblot analysis of CHK1 
targeted clones to screen gRNAs and generation of monoallelic GFP-CHK1 cell line. All the lanes are 
indicated with genotype of the cell lines and the indicated numbers of CHK1-/GFP (1) and CHK1-/GFP (2) 
represents the two different gRNAs used for targeting. WT indicates wild-type and a sample from CHK1-

/- cells is used as a negative control. 
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As discussed earlier, our lab and others have observed GFP-CHK1 at centrosomes when 

transiently expressed. In previous studies there was some variation in the observed CHK1 
localisation in the cells with transient expression. Cheng et al. observed that DNA damage induced 

translocation of endogenous CHK1 from the cytoplasm into the nucleus in U2OS cells. In contrast 
to this observation, Wang et al. observed that ectopically expressed CHK1 showed persistent 

nuclear localisation (Cheng et al., 2013; Wang et al., 2012). To generate a GFP-CHK1 homozygote 
to study CHK1 localisation and function, we sought to target the 5’ end of CHK1 around the start 

codon, to express an eGFP coding sequence immediately followed by CHK1 coding sequence. 
 

We generated a CHK1 targeting construct with eGFP coding sequence fused with CHK1 exonic 
sequence including 5’ and 3’ flanking regions homologous to the CHK1 locus to facilitate gene 

targeting through homologous recombination (Figure 3.2A and 3.2B). We co-transfected pX330 
containing gRNA2 along with linearized targeting plasmid into wildtype cells and followed similar 
steps as described earlier to isolate single clones. We screened 18 colonies and, surprisingly, 

obtained 6 CHK1 knockout clones along with one CHK1GFP/GFP clone (Figure 3.2 C). This was 
evident with the loss of the CHK1 band in 6 clones and a GFP-CHK1 signal in one clone 

corresponding to a protein marker size of close to 58kDa and 80kDa, respectively. A representative 
immunoblot for screening the clones with positive and negative controls is shown in Figure 3.2C. 

As the efficiency of gene targeting was good in our previous experiment to disrupt CHK1, we further 
transfected only gRNA2 into MCPH1-/- chicken DT40 cells (Brown et al., 2010), to generate a 

CHK1-/-/MCPH-/- double knockout cell line. We screened 46 clones and obtained one double 
knockout clone that showed a loss of CHK1 signal by immunoblot (Figure 3.2D).  
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Figure 3.2: Knock-in of eGFP to 5’ of CHK1 and disruption of CHK1 in MCPH1-/- cells 
A. Schematic showing the chicken DT40 CHK1 locus indicating guide RNAs targeting the 5’ end of 
CHK1. B. A detailed illustration of the knock-in strategy to integrate eGFP to 5’ of CHK1 using 
CRISPR/cas9 system. C. Immunoblot analysis of CHK1-targeted clones for GFP knock-in to 5’ of 
CHK1. D. Immunoblot analysis of CHK1 targeted clones in MCPH1-/- cells. Samples from wild-type (WT) 
cells were used as a positive control and CHK1-/- cells were used as a negative control. Ponceau 
staining was used as a loading control for both immunoblot analyses. All the clones generated in this 
study were analysed by immunoblot probed with anti-CHK1 G4 monoclonal antibody. 
 

To determine the exact nature of the CHK1 knockout clones generated by CRISPR/Cas9-mediated 
genome editing, we carried out PCR reactions on genomic DNA samples from wild-type and CHK1 

null clone 17 around the targeted region using gene-specific primers. The PCR amplicons were 
cloned into pGEM-T-Easy and the isolated plasmids were analysed by Sanger sequencing. The 

sequencing results of targeted region revealed deletion mutations in both the alleles. One allele 
showed a single nucleotide deletion exactly at the Cas9 cleavage site of the targeted CHK1 locus. 

The other allele had a two base pair deletion near the Cas9 cleavage site. The deletion mutations 
change the open reading frame, leading to a premature stop codon. The confirmed clone #17 was 

chosen for further investigation for experiments and used as a control CHK1 null cell line in this 
study.  
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Figure 3.3: Sequencing analysis for CHK1-/- clone #17 after CRISPR/Cas9 targeting 
A. DNA sequence alignment of wild-type and CHK1-/- clone #17 nucleotide sequence of genomic PCR 
results obtained from Sanger sequencing. B. Protein sequence alignment of wild-type and CHK1-/- clone 
#17, after direct translation of exon 1 in CHK1-/-.  Genome editing introduces a premature stop codon 
in both the alleles, which is shown with an encircled asterisk.  
 

3.3 Proliferation and cell cycle distribution of CHK1 mutant clones 

A previous study of chicken DT40 CHK1 null cells reported that CHK1-deficient cells are viable, 
but they proliferate more slowly, at lower saturation densities, than wild-type cells (Zachos et al., 

2003). Since in this study, CHK1 targeted clones were viable, we decided to examine the cells’ 
proliferation rate. First, to assess proliferation, we measured cell density every 12 hours for 96 

hours (Chapter 2: Methods). A growth curve is plotted for all the cell lines generated versus wild-
type cells in Figure 3.4A, and a table for their doubling time is shown in Figure 3.4B. All the cell 
lines proliferated almost at the same rate as wild-type cells. Interestingly, CHK1-deficient cells 

generated by CRISPR/Cas9 targeting proliferated without any significant defect when compared 
to those described in the previous study (G. Zachos et al., 2003). 

 
Furthermore, we analysed the cell cycle progression in different phases for any delays in the cell 

cycle of exponentially growing cells. To analyse the cell cycle, we performed flow cytometry 
analysis of DNA content by staining with propidium iodide (Figure 3.5A). The percentage of cells 

for G1, S and G2/M phases of cell cycle were quantified (Figure 3.5B). The cell cycle profiles did 
not indicate any notable differences between CHK1-deficient cell lines and wild-type cells. The 

number of cells in S phase is slightly lower in CHK1-/- and CHK1-/-/MCPH1-/- populations, and there 
are a larger population of CHK1-/- and CHK1-/-/MCPH1-/- cells in G2/M phase. CHK GFP/GFP cells 

show almost same percentage of cells in all cell cycle stages. These observations indicate no 
significant change in the cell cycle of CHK1-deficient and CHK1-MCPH1 double knock-out cells.  
 

Altogether, the growth kinetics and the flow cytometry analysis data suggest that CHK1-deficient 
cells generated by CRISPR/Cas9 targeting did not show any negative impact on cell proliferation 

or cell cycle progression. 
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Figure 3.4: CHK1-/-, CHK1-/-/MCPH1-/-and CHK GFP/GFP show no proliferation defect and no defect 
in cell cycling  
A. Growth curve analysis of cells with the indicated genotype. Graph plot with data points shows mean 
of at least 2 separate experiments. B. Table for doubling times of the different CHK1 targeted DT40 cell 
lines. C. Histograms obtained from FACs analysis of asynchronous population of the indicated 
genotypes. Cells were stained with 20 µg/ml PI to measure DNA content. D. Based on the cell cycle 
profiles in the histograms (B), the percentage of cells in each stage of the cell cycle were measured 
using FlowJo software, N=2. 
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3.4 Analysis of GFP-CHK1 cells and localisation of GFP-CHK1 in the presence 
and absence of DNA damage 

After confirming the proliferation of GFP-CHK1 as being the same as wild-type cells, we examined 

the localisation of CHK1. We used γ-tubulin as a centrosomal marker and analysed our GFP-CHK1 

cells by indirect immunofluorescence microscopy. In this series of experiments, GFP-CHK1 cells were 

carefully examined for CHK1 localisation at the centrosome in the presence and absence of DNA 

damage. 

3.4.1 Validation and Phosphorylation of GFP-CHK1 

Before performing localisation studies, we confirmed the GFP-CHK1 expression in CHK1GFP/- and 

CHK1GFP/GFP cell lines using a GFP antibody. To check the expression of GFP-CHK1, the positive 
clones were subjected to western blot analysis (Figure 3.5A). GFP-CHK1 was detected only in 

CHK1GFP/- and CHK1GFP/GFP cell lines as a band with a size of approximately 82kDa for GFP-CHK1. 
There were no free GFP bands in either of the samples. This further confirms stable endogenous 

expression of GFP-CHK1 in both GFP-CHK1 cell lines. 
 

To test if the GFP tag has any influence on CHK1 activation, we next assessed the IR-induced 
phosphorylation of CHK1. To test this, we performed western blot analysis using an anti-pCHK1 
S345 antibody to analyse IR treated wild-type and CHK1GFP/GFP cells. As expected, there was a 

phospho-CHK1 band in wild-type cells corresponding to 56kDa, and in CHK1GFP/GFP we observed 
a band corresponding to approximately 82kDa, indicating GFP-CHK1 phosphorylation upon DNA 

damage. There was a clear increase in phospho-CHK1 levels when compared to untreated 
samples (Figure 3.5B). Thus, this data suggests that there is no defect in phosphorylation of GFP-

CHK1 and activation of GFP-CHK1 in response to DNA damage, indicating GFP-CHK1 is fully 
functional.  
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Figure 3.5: GFP-CHK1 is stably expressed in CHK1GFP/- and CHK1GFP/GFP cells and is 
phosphorylated in response to IR 
A. Immunoblot analysis for samples from CHK1GFP/- and CHK1GFP/GFP cells probed with anti-GFP 
mouse monoclonal antibody. B. Immunoblot analysis for samples from untreated and IR treated 
CHK1GFP/- and CHK1GFP/GFP cells harvested after 2 hours. The blot was probed with anti-pCHK1 
ser345 polyclonal antibody. Ponceau staining is used as a loading control for both immunoblot 
analyses.  

3.4.2 Endogenous GFP-CHK1 does not localise to centrosomes in unperturbed 
cells 
Next, we examined the CHK1GFP/- and CHK1GFP/GFP cell lines for localisation of their endogenously 

expressed GFP-CHK1. In our first observation, we detected GFP-CHK1 signal in almost all the 
cells, but this signal was slightly weaker in the CHK1GFP/- cells when compared to the CHK1GFP/GFP 

cell line, as expected. We observed that 30% of cells had more GFP signal in nucleus than 
cytoplasm and in the remaining cells, the GFP signal was ubiquitous in both the nucleus and 

cytoplasm. We also stained the GFP-CHK1 cell line with antibodies to γ-tubulin, marking the 

centrosome. We analysed at least 100 cells in more than 3 independent experiments with different cell 

fixation methods for GFP signal.  However, we did not observe any GFP-CHK1 at centrosomes. 

 

Centrosomes are a small organelle when compared to the nucleus and cytoplasm compartments 
inside the cell, so a weak signal of GFP-CHK1 at centrosomes might go undetected. To address 

this possibility, we used GFP antibodies to enhance the GFP signal. GFP-CHK1 cells were stained 
with an anti-GFP polyclonal antibody and analysed for GFP-CHK1 signal at centrosomes. We 
noticed enhanced GFP-CHK1 intensity in all the cells and we observed a similar pattern of GFP-

CHK1 localisation as in the previous experiment. However, there was no GFP signal at the 
centrosomes, even after using anti-GFP antibody. Together, these observations indicate that GFP-

CHK1 localises exclusively to the nucleus and cytoplasm but not at the centrosome in unperturbed 
cells. A set of representative images is shown in Figure 3.6A and B. 
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Figure 3.6: Microscopy of CHK1GFP/- and CHK1GFP/GFP cells and subcellular localisation of GFP-
CHK1 protein in unperturbed conditions.  
A. CHK1GFP/- and CHK1GFP/GFP cells were analysed for native GFP-CHK1 localisation. W/O-without B. 
CHK1GFP/- and CHK1GFP/GFP cells were stained with anti-GFP polyclonal antibody for GFP-CHK1(green) 
and analysed by indirect immunofluorescence microscopy. In both the experiments, γ-Tubulin (red) was 
used as a centrosomal marker and wild-type cells were used as a negative control. Scale bar, 5µm and 
blow-ups of centrioles, 1µm. At least 100 cells were analysed for localisation of GFP-CHK1 and the 
images presented are representative. 
 

3.4.3 Endogenous GFP-CHK1 does not localise to the centrosome in response 
to DNA damage 

CHK1 was shown to localize to centrosomes in response to the DNA damage induced by HU 

treatment and UV radiation. This observation suggested that accumulation of CHK1 at 
centrosomes contributes to its checkpoint functions (Loffler et al., 2007). After confirming 
endogenous GFP-CHK1 expression and the absence of centrosomal GFP-CHK1 in unperturbed 

cells, we next set out to investigate GFP-CHK1 localisation to centrosomes in response to DNA 
damage. In the first set of experiments, we treated GFP-CHK1 cells with 4mM HU and UV radiation 

separately. The damaged cells and control cells were fixed and stained for GFP and γ-tubulin after 
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4 hours to examine GFP-CHK1 signals. In both HU- and UV-treated GFP-CHK1 cells, most of the GFP 

signal was observed in the nucleus, in about 70-75% of cells. The remaining cells had GFP-CHK1 

signals in both the nucleus and cytoplasm. However, in this experiment we did not see any GFP-CHK1 

signal at centrosomes. Representative images of both HU and UV treated cells are shown in Figure 
3.7A and B.  

 
Figure 3.7: GFP-CHK1 localises mainly in the nucleus but does not localise to centrosomes after 
replication stress and UV-induced DNA damage. 
A. CHK1GFP/GFP cells were fixed and stained after incubation with 4mM hydroxyurea for 4 hours. B. 
CHK1GFP/GFP cells were treated 20 J/cm2 UV radiation then fixed and stained after 4 hours. In both 
experiments, cells were stained with GFP antibody for GFP-CHK1(green) and γ-Tubulin (red) antibody 
as a centrosomal marker and analysed by indirect immunofluorescence microscopy. Scale bar, 5µm 
and in blow-ups of centrioles, 1µm. At least 100 cells were analysed for localisation of GFP-CHK1 and 
the images presented are representative. 
 
In the second set of experiments, we examined GFP-CHK1 localisation in γ-irradiated cells. GFP-
CHK1 cells were treated with 5Gy IR, then fixed and stained at different time points. Cells were 

examined for subcellular localisation of GFP-CHK1 at 1, 2- and 4-hours post IR treatment. We 
observed that approximately 55% of the cells had GFP-CHK1 signals, mostly in the nucleus and 

that the remaining 40-45% of the cells had signals in both the nucleus and cytoplasm. Again, we 
observed no endogenous GFP-CHK1 signal at centrosomes (figure 3.8).  

 
Taken together, our analysis of endogenous GFP-CHK1 localisation shows uniform CHK1 

localisation in the cytoplasm and nucleus in unperturbed conditions. Upon DNA damage, GFP-
CHK1 localises predominately in the nucleus when compared to cytoplasm. Notably, we failed to 

see any endogenous GFP-CHK1 at the centrosome in either unperturbed cells or in response to 
DNA damage. To conclude, GFP-CHK1 does not localise to centrosomes either during interphase 

in unperturbed DT40 cells or in DNA damaged cells. 
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Figure 3.8: GFP-CHK1 localises to the nucleus and cytoplasm but does not localise to 
centrosomes in response to γ-irradiation 
CHK1GFP/GFP cells were treated with 5 Gy IR and cells were fixed and stained after indicated timepoints. 
Cells were stained with GFP antibody for GFP-CHK1(green) and γ-Tubulin (red) antibody as a 
centrosomal marker and analysed by indirect immunofluorescence microscopy. Scale bar, 5µm and 
blow-ups of centrioles, 1µm. At least 100 cells were analysed for localisation of GFP-CHK1 and the 
images presented shown are representative. 

3.5 CHK1 is required for centrosome hyper-amplification in MCPH1-deficient 
cells after DNA damage 

One of major cause of centrosome amplification is degregulation of the centrosome duplication 
cycle (Pellman, 2014). Ionizing radiation induces centrosome amplification and prolonged G2/M 

checkpoint delay in tumour cells. Current models suggest that defective p53 can impair the G1/S 
checkpoints and allow cells to enter G2/M checkpoints, resulting in centrosome overduplication 

(Dodson et al., 2004; Dodson et al., 2007). Studies from our group and others have shown CHK1 
involvement in centrosome amplification in response to DNA damage (Bourke et al., 2010; Bourke 
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et al., 2007; Loffler et al., 2007). Interestingly, another DNA damage response protein and CHK1 
interactor, MCPH1 (Gruber et al., 2011; Tibelius et al., 2009b), is known to localize to centrosomes 

during interphase and mitosis and controls centrosome numbers in response to DNA damage 
(Brown et al., 2010; Jeffers et al., 2008). MCPH1 deficiency causes centrosome hyper-

amplification due to abnormal communications between the cell cycle and centriole duplication 
regulatory machinery. MCPH1 deficiency causes sustained phosphorylation of CHK1 after 

irradiation and deregulates CDK2 activity. The hyper-amplification of centrosomes in MCPH1-/- 
cells can promote aneuploidy and tumorigenesis (Brown et al., 2010; Lin et al., 2010). This 

indicates the importance of MCPH1 in controlling centrosome numbers and may contribute to its 
functions as a tumor suppressor gene.  

 
To examine the effects of CHK1 ablation in MCPH1 null cells, we induced DNA damage with 5Gy 

IR and counted cells for centrosome amplification after 24 hours of treatment. Interestingly, we 
found that deletion of CHK1 in MCPH1 null cells ablated centrosome hyper-amplification. In fact, 
there was significant reduction in centrosome numbers when compared to wild-type and MCPH1 

deficient cells (Figure 3.9). This confirms the requirement of CHK1 for DNA damage-induced 
centrosome overduplication and shows that the centrosomal MCPH1 phenotype of centrosome 

hyperamplification is dependent on CHK1, as proposed previously. This also indicates that MCPH1 
may control timely CHK1 activation in response to DNA damage, but this notion needs further 

investigation. 

 
Figure 3.9: Centrosome amplification in MCPH1-deficient cells requires CHK1 
A. Centrosomes were quantitated by indirect immunofluorescence microscopy for centrin2 in cells of 
the indicated genotype, 24 hrs after treatment with 5 Gy IR. Scale bar, 5 μm. B. Quantification of number 
of cells with 3 or > 4 centrioles post 5 Gy IR. Histograms shown are mean with s.d. from 3 separate 
experiments in which at least 100 cells were scored, ** p<0.005 by t-test. 



 

 76  

3.6 Summary 

In this chapter, we describe our successful approach in targeting the CHK1 locus and generation 

of a GFP-CHK1 knock-in cell line using the CRISPR/Cas9 system. Surprisingly, in the process of 
generating a knock-in cell line we discovered that CRISPR/Cas9 targeting method efficiently 

disrupted CHK1 in chicken DT40 cells. As previously reported, CHK1 deficient cells were viable 
and proliferated exponentially in a fashion similar to wild-type cells. Our FACS analysis revealed 

that there was not much impact on cell cycle progression in exponentially growing CHK1 deficient 
clones or in the GFP-CHK1 cell line. This strongly indicates that CHK1 deficient cells were stable 
and that this gene is not essential in chicken DT40 cells. Based on the proliferation data and the 

phosphorylation upon damage data, GFP-CHK1 cells were similar to wild-type cells. This was 
supported by previous studies that a GFP tag did not interfere with CHK1 protein activities (Qu et 

al., 2012; Warmerdam et al., 2010a). This was promising for the project, as we efficiently used 
CRISPR/Cas9 technology in chicken DT40 cells for the first time in the lab to edit the CHK1 locus. 

These CHK1-deficient cell lines can be used as a model system to study and understand the 
underlying mechanism regulating centrosome duplication process after DNA damage.  

 
Furthermore, we examined GFP-CHK1 localisation to centrosomes in unperturbed and 

genotoxically stressed cells. First, we confirmed the GFP-CHK1 expression by indirect 
immunofluorescence microscopy and investigated the subcellular GFP-CHK1 localisation. In this 

part of the study, the overall experimental observation indicated that GFP-CHK1 localised in both 
the nucleus and cytoplasm in undamaged cells. In damaged cells, GFP-CHK1 was found to be 
predominantly nuclear. Importantly, we did not see any GFP-CHK1 signal at the centrosomes. 

Based on our studies, we can conclude that CHK1 does not localise to centrosomes in chicken 
DT40 cells. Centrosome localisation of CHK1 is still unclear and needs a thorough analysis by 

advanced microscopic approaches, such as stochastic optical reconstruction microscopy 
(STORM) or fluorescence photoactivated localization microscopy (FPALM). Using our GFP-CHK1 

cell line might help in detecting even a small pool of CHK1 at centrosomes which might be 
undetectable using regular indirect immunofluorescence microscopy methods, as the centrosome 

is a small organelle.  
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Our lab reported the essential function of CHK1 for the maintenance of centrosome numbers in 
response to DNA damage (Bourke et al., 2007). Later in support of this finding, our lab also showed 

the importance of MCPH1 in controlling CHK1 activation to regulate centrosome numbers and 
DNA damage-induced PCM expansion (Antonczak et al., 2016; Bourke et al., 2010; Bourke et al., 

2007; Brown et al., 2010). The underlying mechanism of the interplay of CHK1 and MCPH1 in the 
regulation of centrosome numbers is still unclear.  With the disruption of CHK1 in MCPH1 null 

cells, there was significant reduction in centrosome numbers in double null cells when compared 
to centrosome hyperamplification in MCPH1 null cells. This indicates the CHK1 requirement for 

centrosome overduplication and MCPH1’s role in controlling the regulation of CHK1 in response 
to DNA damage. These reverse genetics findings on CHK1 in this chapter support our 

understanding of the impact of CHK1 in centrosomal numerical regulation. 
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4 Human CHK1 and MCPH1 locus editing using CRISPR/Cas9 system and 
centrosome amplification 

4.1 Introduction 

Centrosomes play an important role in microtubule organization, acting as a hub for signalling, cell 
polarity and cell division. The centrosome duplication process is tightly regulated throughout the 

cell cycle, so that centrosomes duplicate once per cell cycle, forming bipolar spindles to ensure 
faithful cell division (Pellman, 2014; Tsou & Stearns, 2006). Any dysregulation of this process leads 

to changes in centrosome numbers. Supernumerary centrosomes may lead to multipolar spindles 
and contribute to chromosome mis-segregation and aneuploidy, as well as to tumorigenesis (Basto 

et al., 2008; Ganem et al., 2009; Levine et al., 2017; Nigg, 2002).  
 
Theodor Boveri proposed that aneuploidy due to centrosome amplification may initiate 

tumorigenesis (Holland & Cleveland, 2009). In recent years, many groups have investigated this 
idea and provided evidence that centrosome amplification can promote chromosomal instability 

and invasiveness, which promote and enhance tumorigenesis (Godinho et al., 2014; Sercin et al., 
2016; Levine et al., 2017). Despite extensive research on centrosome amplification, its timing and 

mechanisms are poorly understood. Our group and others have shown that DNA damage causes 
centrosome amplification (Balczon et al., 1995; Dodson et al., 2004, 2007; Meraldi et al., 2002; 

Sato et al., 2000; Sato et al., 2000). CHK1, a checkpoint kinase, was shown to drive increased 
centrosome numbers upon DNA damage (Bourke et al., 2007; Robinson et al., 2007a). 

 
Although CHK1 is important for DNA damage induced centrosome amplification, what drives 

CHK1-dependent amplification of centrosome numbers is not well understood. MCPH1, a tumour 
suppressor protein, was shown to interact with CHK1 and to localize CHK1 to centrosomes 
(Alderton et al., 2006; Jeffers et al., 2008; Tibelius et al., 2009a). MCPH1 has three BRCT domains, 

of which the N terminal domain is required for centrosomal localization and the other C-terminal 
domains for its localization to ionizing radiation (IR)-induced foci (IRIF) (Jackson et al., 2002; 

Jeffers et al., 2008). MCPH1 depletion leads to the loss of CHK1 at centrosomes, resulting in 
premature activation of the CDK1/Cyclin B complex (Tibelius et al., 2009a). MCPH1 mutant cells 

show nuclear fragmentation and contain supernumerary centrosomes. In addition to this, 
centrosome amplification was reported upon MCPH1 depletion in U2OS cells (Rai et al., 2008). 

MCPH1-/- DT40 cells showed increased centrosome amplification levels upon irradiation, 
potentially by dysregulating CHK1-mediated CDK2 activation (Brown et al., 2010). In support of 

this, centrosome hyperamplification was observed in MCPH1-/- p53-/- MEF cells (Liang et al., 2015). 
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During the unperturbed cell cycle, CHK1 maintains inhibitory phosphorylation of CDK1 and 
CDC25B at the centrosome, thereby controlling entry into mitosis (Kramer et al., 2004). 

Downregulation of MCPH1 resulted in reduced inhibitory phosphorylation of centrosomal CDK1 
and CDC25B via loss of CHK1 centrosome levels, leading to premature entry into mitosis (Tibelius 

et al., 2009a). Thus, MCPH1 and CHK1 function in preventing the initial activation of CDK1 at the 
centrosome. However, the localisation of CHK1 to the centrosome has been disputed and it has 

been proposed that nuclear CHK1 prevents the premature activation of nuclear CDK1 that effects 
entry into mitosis (Matsuyama et al., 2011; summarised in Mullee and Morrison, 2016). Thus, the 

activation of CDK1/CyclinB complex during mitosis is still unclear. MCPH1 may have a role in 
CDK1 activation at the centrosome by a CHK1-independent mechanism. As MCPH1 localises to 

the nucleus as well as at centrosomes (Jeffers et al., 2008; Lin et al., 2005; Zhong et al., 2006), it 
is possible that MCPH1 plays a role in the activation of CDK1 through a nuclear pathway or a 

centrosomal pathway. Along with this, the interplay between CHK1 and MCPH1 in response to 
DNA damage is still unclear and needs further investigation to understand centrosome 
amplification mechanisms in response to DNA damage. 

 
In this study, we aimed to study CHK1-dependent mechanisms for DNA damage-induced 

centrosome amplification. To achieve this, we sought to edit the CHK1 and MCPH1 loci in human 
cells using the CRISPR/Cas9 system. Along with gene editing, we aimed to study CHK1 at the 

protein level for potential interactors and post-translational modifications. 
 

4.2 CRISPR/Cas9 mediated gene editing of CHK1 locus 

4.2.1 GFP knock-in to 5’ of CHK1 locus 
After successfully targeting CHK1 using the CRISPR/Cas9 system in chicken DT40 cells, we 

decided to target the CHK1 locus in non-transformed, epithelial TP53-/- hTERT-RPE1 cells, and 
TP53-/- HCT116 colon carcinoma cells, to generate a GFP-CHK1 cell line.  In this part of the study 

we aimed to replicate the chicken DT40 model system by using TP53-/- human cell lines, as chicken 
DT40 cells, of which CHK1-/- mutants are viable, lack p53 expression (Takao et al., 1999; Zachos 

et al., 2003). In support of this approach, our previous experiments were efficient at generating 
multiple CHK1-/- DT40 cell lines using CRISPR/Cas9. Therefore, we targeted the CHK1 locus in 

TP53-/- human cells using CRISPR/Cas9. 
 

First, we analysed the CHK1 locus in human genome using the NCBI and Ensembl databases. 
We used an online CRISPR design tool (Labun et al., 2016; Montague et al., 2014) to design 

CRISPR gRNAs specifically targeting the 5’ region of the CHK1 coding sequence. This design was 
based on a previously-successful experiment in chicken DT40 cells to generate a GFP-CHK1 cell 
line (Section 3.2). We designed 2 gRNAs to integrate GFP coding sequence to the 5’ of the CHK1 
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locus (Figure 4.1 A).  Initially, gRNAs were cloned into pX330 and targeting donor plasmids were 
generated and confirmed by Sanger sequencing. As shown in Figure 4.1 B, the targeting donor 

plasmid has two homologous regions flanking the GFP coding sequence to facilitate homologous 
recombination within the human genome. The 5’ targeting arm corresponded to a 2 kb region which 

includes the promoter region 5’ to the start codon of the CHK1 coding sequence. This was followed 
by a GFP coding sequence and the complete sequence of the first CHK1 exon. The stop codon of 

GFP and the start codon of CHK1 were removed, so that the resultant transcript would code for 
GFP and CHK1 in one frame. It was confirmed that this sequence would be transcribed in-frame 

by analysing the predicted GFP-CHK1 sequence using online tool ExPASy translate. The 3’ 
targeting arm corresponded to a 2.5 kb region 3’ of the first exon, followed by intronic sequence of 

the CHK1 locus. A graphical illustration of this targeting strategy is shown in Figure 4.1. 

 
 
Figure 4.1: Graphical illustration of the CHK1 locus and GFP tagging stratrgy using 
CRISPR/Cas9 
A. Schematic showing the CHK1 locus with exons (black blocks) and gRNAs targeting the CHK1 UTR 
region as well as first exon. B. Graphical illustration of target region of CHK1 locus to integrate GFP 
coding sequence with donor target plasmid. C. Graphical illustration of the CHK1 locus edited by 
homologous recombination pathway after CRISPR/Cas9 targeting. FR: flanking regions. 
 

After confirming the sequence of all the CRISPR/Cas9 gRNA plasmids and the target donor 
plasmid, we continued to transfect and target in TP53 null hTERT-RPE1 and HCT116 cells. 24 

hours after transfection, cells were serially diluted and transiently selected in neomycin-containing 
growth medium. After 8-10 days, colonies were individually selected and expanded for further 

analysis. Subsequently, protein extracts from the expanded clones were examined for GFP-CHK1 
expression by immunoblot analysis using an anti-CHK1 monoclonal antibody. Hereafter in this 
study, all the CHK1 targeted clones were screened by immunoblot analysis using a commercially 
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available anti-CHK1 G4 monoclonal antibody. A representative immunoblot of targeted clones and 
a table stating the number of clones that were analysed from the two cell lines is presented in 

Figure 4.2A and B. In this targeting experiment, our immunoblot analysis showed no GFP-CHK1 
protein band close to a protein size of 80kDa (Figure 4.2A). We screened in total 164 clones out 

of 212 clones obtained from TP53-/- HCT116 and hTERT-RPE1 cell lines and were unsuccessful 
in targeting CHK1 to obtain GFP-CHK1 clones (Figure 4.2B). 

 
After unsuccessful attempts to generate a GFP-CHK1 cell line using wildtype Cas9, we attempted 

to target the 5’ end of the CHK1 locus near the start codon using the D10A mutant Cas9 nickase 
(Trevino & Zhang, 2014). The gRNAs from the previous experiment were used to target the 5’ of 

the CHK1 locus. The target range of both the gRNAs was within 100 base-pairs of the 5’ of CHK1, 
which was expected to increase the efficiency of the CHK1 targeting (Shen et al., 2014). To create 

staggered cuts at the opposite targeted strands, we followed the same targeting conditions as used 
in our previous experiment to target the 5’ of CHK1 to generate GFP-CHK1 cell lines. As 
summarised in Figure 4.2B, which includes the number of clones screened for GFP-CHK1 clones 

using wild-type Cas9 and Cas9 nickase strategy, we did not obtain any GFP-CHK1 clones and 
CHK1 targeting was unsuccessful.  

 
Figure 4.2: Immunoblot screen for GFP-tagging of CHK1. 
A. Representative immunoblot for CHK1 targeted clones analysed for GFP knock-in to the 5’ region of 
the CHK1 locus in HCT116 TP53-/- cells. The expected size of GFP-CHK1 is 80kDa. B. Table showing 
the number of clones screened for GFP knock-in into the CHK1 locus in the indicated cell lines.  
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4.2.2 Generation of CHK1 null cell lines  

To study the potential roles of CHK1 in centrosome regulation, we targeted CHK1 in human cells. 

After successfully editing DT40 CHK1, we designed 4 gRNAs targeting CHK1 exons 1-4 using the 
online guide RNA design tool (Figure 4.3A). These gRNAs were designed with high efficiency 

scores and very minimal off-targets, where for each gRNA, the target score reflects how well a 
gRNA can theoretically target on-targets while avoiding off-targets. The gRNA efficiency is scored 

by GC content and positional specific nucleotide composition. The scoring matrix or algorithm 
scores 20nt targeting sequence, the first base of PAM-‘N’GG and 3bp downstream of the PAM 
motif (Chari et al., 2015; Doench et al., 2016, 2014; Xu et al., 2015). The selected gRNA-annealed 

oligos were cloned into pX330 and later confirmed by Sanger sequencing.  

 
Figure 4.3: Gene targeting strategy to disrupt the CHK1 locus by CRIPSR/Cas9 mediated INDEL 
generation.  
A. Schematic showing CHK1 locus with gRNAs targeting different coding exons. All the gRNAs were 
designed to target the first four exons in the 5’ region of CHK1 locus. B. The graphical illustration of 
CHK1 protein with domains is to show that targeting of the 5’ region of CHK1 would target the N-
terminus of the kinase domain of the protein. SQ: Ser/Gln cluster; CM: conserved motif. C. 
Representative immunoblot of selected CHK1 targeted clones in TK6 cells. Compared to the wild-type 
sample, four of the samples had a weaker signal when probed with anti-CHK1 monoclonal antibody. 
Ponceau staining was used a loading control. Asterisks indicate CRISPR/Cas9 targeting region. 
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We chose three different human cell lines in which to generate CHK1 null cell lines. The cell lines 
used in this chapter for gene editing are TP53-/- hTERT-RPE1 cells, TP53-/- HCT116 cells and TK6 

lymphoblast cells. These cells were co-transfected with pX330 plasmids harbouring gRNA 
sequences targeting different exons (Figure 4.3 A) and a plasmid with neomycin antibiotic 

resistance. Clones were selected in antibiotics and expanded as described in the Methods section. 
Confluent clones were subjected to protein extraction and screened by immunoblot analysis for 

the loss of CHK1 protein expression. TK6 are suspension cells, so in this line, we followed the 
protocol used for chicken DT40 cells and transfected the targeting plasmids by nucleofection. 

Single clones were selected after 8-10 days and subsequently protein extracts were analysed by 
immunoblot analysis. A representative immunoblot of CHK1 targeted clones is shown in Figure 4.3 

C. The targeted TK6 CHK1 clones did not show stable loss of CHK1 expression after a small 
number of passages. The immunoblot analysis of some of these clones showed the reappearance 

of CHK1 bands corresponding to a protein size close to 58kDa, and some of the clones did not 
survive, so we continued CHK1 targeting in TP53-/- RPE1 and HCT116 cells. Cells were transfected 
using lipofectamine and transiently selected in neomycin antibiotic-containing growth media. The 

individual colonies were carefully expanded, and clones were examined by immunoblot analysis 
with anti-CHK1 monoclonal antibody. Representative immunoblots for targeted clones that were 

analysed are shown in Figure 4.4A and B, along with a table with number of clones screened in 
each cell line (Figure 4.4C).  
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Figure 4.4: Analysis of CHK1 targeted clones 
A. Immunoblot analysis of protein samples from exon 2 targeted clones along with a sample from    

TP53-/- cells as positive control. B. Immunoblot analysis of protein samples from exon 3 targeted cells 
with TP53-/- cells as positive control. All the clones boxed in red were chosen for further analysis. C. 
Table showing the number of clones screened for CHK1 targeting in the indicated cell lines.  
 

In a small number of clones targeted in hTERT-RPE1 cells, we observed no signal of a protein 
size close to 58KDa in CHK1 immunoblots, suggesting the loss of CHK1 in these clones. In total, 
12-14 potential CHK1 targeted clones were chosen for further analysis. However, these clones 

were observed to be unstable in terms of their CHK1 expression levels when expanded after few 
passages. When we analysed candidate targeted CHK1 clones, over the time the CHK1 protein 

signal was observed at varying levels from absent to weak, especially in exon 2-targeted clones 
(Figure 4.5A). We initially assumed these clones were mixed clones and further subcloned them 

(Figure 4.5A- Clones 1 and 2), so that isolated clones were chosen individually and analysed by 
immunoblot analysis for the loss of CHK1 expression. In parallel, as we observed reduced levels 

of expression in certain clones when compared to the control samples, we hypothesized that our 
candidates were heterozygous or mixed clones and decided to retarget the other wild-type allele 

with a gRNA targeting exon 2 of CHK1 locus. Immunoblot analysis of candidate targeted CHK1 
clones and immunoblots for subclones probed with commercially available anti-CHK1 monoclonal 

and polyclonal antibodies are shown in Figure 4.5B and C, respectively. 
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Figure 4.5: Analysis of CHK1 targeted clones and TP53-/-CHK1+/- subclones. 
A. Immunoblot analysis of potentially targeted clones probed with mouse monoclonal anti-CHK1 
antibody. Clone #1 and clone #2 were subcloned for further analysis B. Immunoblot analysis of 
subclones from clone #1 of CHK1 targeted clones probed with mouse monoclonal anti-CHK1 antibody. 
C. Immunoblot analysis of subclones from clone #1 of CHK1 targeted clones probed with rabbit 
polyclonal anti-CHK1 antibody. 
 

Immunoblot analysis of subcloned samples suggested that these clones might be heterozygous 
clones, with the loss of one CHK1 allele. Probing these immunoblots with different antibodies 

showed discrepancies in the bands. The CHK1 protein signal was almost 50% in these subclones 
compared to the control sample probed with monoclonal anti-CHK1 G4 antibody (Figure 4.5B), but 

there was almost a complete absence of the CHK1 signal close to 58 kDa when the blots were 
probed with a rabbit polyclonal anti-CHK1 antibody (Figure 4.5C).   

 
To confirm the genotype of targeted CHK1 subclones and determine the exact nature of the 

mutations therein, we performed PCR amplification of the targeted region in two candidate clones 
and wild-type cells. Clone #1 was called ‘A25’ and clone #2 ‘2C2’. Sanger sequencing traces of 

these two clones showed double peaks around the Cas9 target site, which indicates heterozygous 
mutations (Figure 4.6A). To confirm the heterozygous mutations in these clones, PCR amplicons 
were cloned into pGEM-T-Easy and the isolated plasmids were Sanger sequenced using exon 2 

CRISPR screening primers. The exact alterations in the targeted regions are shown in Figure 4.6B. 
The DNA sequence alignment and protein sequence alignment reveal the deletions and change 

in protein coding sequence of CHK1, leading to premature stop codons and the loss of CHK1 
protein (Figure 4.6B and C).  
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Figure 4.6: Sequence traces of hTERT-RPE1 clones with depleted CHK1 indicate the frameshift 
resulting from insertions/deletions after CRISPR/Cas9 endonuclease reaction.    
A. Sequencing traces with insertion/deletion sites indicated with a red arrow above the sequence traces 
for each clone. B. CHK1 sequencing results from plasmids with PCR amplicon of targeted CHK1 clones 
and from wild-type cells indicated with exact alterations. C. DNA sequence alignment of 3 different 
INDELs from the Sanger sequencing of CHK1 targeted clones. D. Protein sequence alignment of 
wildtype and CHK1 targeted clones show pre-mature stop codon indicated with encircled asterisks 
(alignment was performed by using Jalview software-Clustal). 
 
Sanger sequencing of plasmids from clones revealed both wild-type allele and mutant sequences. 

10 individual plasmids were analysed for each clone. For the clone #1 A25, the sequencing clarified 
the mutations of the individual alleles. For 7 of the 10 samples, we identified deletion mutations 

and the remaining 3 samples had no mutations, so that the sequence was the same as wild-type. 
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The sequencing result was similar in Clone #2 2C2. The resulted mutant allele sequences were 
translated using ExPASy translate tool to examine CHK1 protein translation. For all the alleles with 

mutations, there was a premature stop codon, resulting in the production of a truncated CHK1 
protein with a predicated molecular weight of 9.5-10 kDa. Thus, as predicted from immunoblot 

analysis, the sequencing results confirmed that A25 and 2C2 clones were heterozygous in 
genotype. We chose clone #1 A25 for phenotypic analysis to study the impact of CHK1 on 

centrosomes. Hereafter, Clone #1 A25 will be denoted as TP53-/-CHK+/- throughout this study. 
 

4.3 CRISPR/Cas9 mediated gene editing of MCPH1 

To explore the interplay between MCPH1 and CHK1, we sought to exploit CRISPR/Cas9 to 
generate MCPH1 null cells, as MCPH1 is a non-essential gene. To achieve this, we followed the 

same strategy as our CHK1 targeting strategy in generating a null cell line. Initially, we designed 
5 gRNA targeting different exons of the 5’ end of MCPH1 locus to attempt the disruption of all 

MCPH1 transcripts/isoforms (Figure 4.7A and B). 

 
Figure 4.7: Human microcephalin (MCPH1) locus and protein domains. 
A. Schematic illustration of the human MCPH1 locus with exons (black blocks) with start (ATG) and 
stop sites as indicated.  The indicated gRNAs are shown above the exons to target MCPH1 locus in 
generating MCPH1 null cell lines using CRISPR/Cas9 system. B. The graphical illustration of MCPH1 
protein with domains is to show that targeting of the 5’ end would target mainly the N-terminus of the 
BRCT1 domain of the protein and the region close to the nuclear localisation signal (NLS). Asterisks 
indicate CRISPR/Cas9 targeting regions. 
 
After an unsuccessful first round of targeting, we decided to check the specificity and efficiency of 
gRNAs to the targeted region of MCPH1. To test this, we used pCAG-EGxxFP to screen the 

gRNAs. pCAG-EGxxFP harbours 5’ and 3’ eGFP fragments under the CAG promoter (Mashiko et 
al., 2013). We designed primers to amplify genomic fragments of ~500bp in size from the regions 

targeted by the various gRNAs. These fragments were cloned between eGFP fragments of pCAG-
EGxxFP plasmid and the resulting target plasmid was co-transfected with pX330 expressing the 

gRNAs of interest into HCT116 cells. The reason for using HCT116 cells to screen gRNAs was 
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that HCT116 cells show higher transfection efficiencies than hTERT-RPE1 cells. When the target 
sequence is digested in the transfected cells by gRNA-directed Cas9 endonuclease, the DSB is 

repaired through homologous recombination or SSA pathway to reconstitute and express eGFP 
(Figure 4.8B). Here in this current study, after 48 hours of transfection cells were fixed and scored 

for GFP signal using immunofluorescence microscopy. A representative immunofluorescence 
microscopy experiment is shown in Figure 4.8C.  

 
Figure 4.8: Screening of gRNAs targeting different exons of MCPH1 locus 
A. MCPH1 locus with indicated exons and gRNAs designed to screen the efficiency of Cas9 cleavage 
using pCAG-EGxxFP plasmid. B. Graphical outline of pCAG-EGxxFP plasmid and CRISPR/Cas9 
mediated gRNA targeting cloned specific target sequence to assess gRNA target efficiency. C. The 
validation of DSB-mediated homology-dependent repair by immunofluorescence microscopy of eGFP 
fluorescence 48 hrs after transfection of HCT116 cells. peCAG-EGxxFP plasmid with different target 
sequences was co-transfected with the indicated gRNA. peGFP plasmid was transfected as a positive 
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control. Scale bar corresponds to 10 µm. D. Table for GFP transfection efficiency (peGFP-N1) and 
percentage of GFP cells after DSB mediated homology dependent repair 48 hrs after the transfection 
(pX330 with gRNA). 
 
Our analysis revealed that all the gRNAs used in this screening successfully cleaved the target 

sequence, as demonstrated by the GFP signal observed in transfected cells (Figure 4.8C). We 
measured transfection efficiency by using peGFP transfected cells as a positive control. We 

observed that the gRNA targeting exon 2 and one of the gRNAs targeting exon 8 had good 
targeting efficiencies, with 35% and 45% respectively, compared with GFP+ cells in the positive 

control. Therefore, we decided to use these gRNAs to target exons 2 and 8 of MCPH1 in human 
cells. 

 
After gRNA screening, we targeted the MCPH1 locus in hTERT-RPE1 cells. We screened 

candidate clones by immunoblot analysis using commercially available anti-MCPH1 antibodies. 
We analysed protein samples from clones targeted at exons 2 and 8, using an immunoblot which 
showed a protein band corresponding to ~100KDa in wildtype cells used as a positive control. 

Notably, there was no loss of protein expression in any of the samples screened. A representative 
immunoblot of MCPH1 targeted clones is shown in Figure 4.9A and a table with the number of 

clones screened in Figure 4.9B.  

 
Figure 4.9: Immunoblot screen for MCPH1 knockout. 
A. Representative immunoblot for MCPH1 targeted clones analysed for the disruption of MCPH1 in 
TP53-/- hTERT-RPE1 cells. The expected size of full-length MCPH1 protein is 100-110 kDa. B. Table 
showing the number of clones screened for MCPH1 targeted clones in the indicated cell lines.  
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Thus, the generation of MCPH1 null cells was not successful due to potential technical difficulties, 
which will be discussed at the end of this chapter. Taken together, in this experiment we were 

unsuccessful in generating MCPH1 null cells. Based on our gRNA screening experiment, we do 
not see any obvious issues with the design, or the reagents used for targeting MCPH1. Improving 

the screening strategy as well as reliable screening reagents would be helpful. Currently there are 
no entirely reliable antibodies available for the MCPH1 protein. The possibility of multiple MCPH1 

isoforms should be considered while screening by immunoblot analysis, as there exist some 
discrepancies with different commercial antibodies recognising MCPH1 isoforms. 

 

4.4 Proliferation and cell cycle distribution of CHK1 clones 

Previous studies have shown that in mammalian cells, depletion and/or inhibition of CHK1 results 

in reduced proliferation and cell death (Niida et al., 2005; Syljuasen et al., 2005b). In this study, 
after successfully targeting one CHK1 allele and generating a CHK1+/- cell line, we decided to 

characterize their proliferation and asses the cell cycle distribution. To monitor cell proliferation, 
we measured the cell growth for every 24 hours until 96 hours. As shown in Figure 4.10A, hTERT-

RPE1 wild-type and TP53-/- cells proliferated at similar rates, but interestingly, CHK1+/- clones 
proliferated more quickly than cells of the other 2 genotypes. TP53-/-CHK1-/- cells have a doubling 

time of 23 hours, which is slightly shorter than the wild-type and TP53-/- proliferation times (Figure 
4.10B). With this observation, we went on to study the cell cycle distribution of asynchronous 

populations by flow cytometry analysis. The cells were stained with PI for DNA content and the 
analysed FACS plots are displayed in Figure 4.10C.  
 



 

 91  

 
Figure 4.10: TP53-/-CHK1+/- cells are polyploid and are viable 
A. Growth curve analysis of the indicated cell lines. Data points show mean of 3 separate experiments 
± SD. B. Table showing doubling times of the indicated cell lines. C. FACS analysis of DNA content of 
asynchronous cells of the indicated genotype. Cells were stained with PI for DNA content. 
Presented histograms are representative plots. D. the percentage of cells in each stage of the cell 
cycle as measured using FlowJo software. Data shown are mean of 3 separate FACS analysis. 
 
We analysed the cell cycle progression in different phases for any delays in the cell cycle of 
exponentially growing cells. The percentage of cells for G1, S and G2/M phases of cell cycle were 

quantified (Figure 4.1D). The cell cycle profiles did not indicate any notable differences between 
wild-type, TP53-/- and TP53-/-CHK1+/- cells. The number of cells in G1 phase is slightly lower in 

TP53-/- and TP53-/-CHK1+/- cell lines, and there are slightly more TP53-/- and TP53-/-CHK1+/- cells 
in G2/M phases. In wild-type and TP53-/- cell lines, the 2N and 4N peaks were similar, indicating 

cells in G1 and G2/M, respectively. The TP53-/-CHK1+/- cell line showed a notable shift in G1 and 
G2/M peaks, indicating a stably aneuploid chromosome complement, with little change in cell cycle 

distribution. We have not analysed the karyotype of these cells, chromosome spreads should be 
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performed to confirm the aneuploidy, although it is worth noting that a second TP53-/-CHK1+/- cell 
line also showed a similar polyploidy (data not shown), so this shift in cell cycle profile is likely due 

to targeting of CHK1. As CHK1 is an essential gene, any change in CHK1 locus is always stressful 
to cells. Our conclusion at this point is that with one wild-type allele, TP53-/-CHK1+/- cells are viable 

and their asynchronous cell cycle profile is similar to that of TP53-/- cells. 
 

We next analysed cell cycle arrest in response to DNA damage in the TP53-/-CHK1+/- clone. 
Chicken DT40 CHK1 null cells fail to arrest in G2/M upon DNA damage and show defects in DNA 

replication (G. Zachos et al., 2003). Here, we treated TP53-/- and TP53-/- CHK1+/- cells with 3 Gy 
IR to analyse cell cycle arrest. Cells were pulse-labelled with BrdU to quantify DNA synthesis and 

stained with PI to measure DNA content (Figure 4.11A and B). Flow cytometry analysis of TP53-/- 
cells showed an accumulation in G2/M at 6-12 h after irradiation. However, in TP53-/- CHK1+/- cells, 

this arrest in G2/M at 6-12 h post-IR was notably attenuated, and the cells continued to cycle. In 
TP53-/- CHK1+/- cells, there was a greater increase in the percentage of cells in G1 phase and a 
corresponding decrease in S and G2/M phases when compared to TP53-/- cells at 24 h after 

irradiation. The quantification of BrdU labelled cells for DNA synthesis showed similar percentages 
and there was not much difference in DNA synthesis in both the cell lines, except for a slight 

increase in BrdU labelled cells in TP53-/-CHK1+/- cells 6 h after irradiation. In comparison, CHK1-/- 
DT40 cells completely failed to arrest in G2/M and continued to synthesize DNA and cycle actively. 

Loss of a CHK1 allele in TP53-/- CHK1+/- cells led to accumulation of DNA damage and mild cell 
cycle arrest in S and G2 phase and over time, cells were able to recover and cycle actively.  
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Figure 4.11: Cell cycle distribution of TP53-/- CHK1 +/- cells after DNA damage 
A. FACS plots of DNA content in cells of the indicated genotypes after DNA damage with 3 Gy IR at 
the indicated timepoints. B. FACS analysis of indicated genotypes stained with BrdU to assess cell 
cycle distribution over time after DNA damage with 3Gy IR. C., D. Graphs show the percentage of cells 
with indicated timepoints after DNA damage. Quantification of percentage of cells was from 3 separate 
experiments, mean with SEM.  
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4.5 Reduced centrosome amplification in TP53-/-CHK1 +/- cells after DNA damage 

Our group and others have reported that DNA damage induces CHK1-dependent centrosome 

amplification (Emer Bourke et al., 2007; Harald Löffler et al., 2007; Robinson et al., 2007). Here, 
we examined the TP53-/-CHK1 +/- cell line to test whether loss of one CHK1 allele impacts on 

centrosome numbers after DNA damage. TP53-/-CHK1 +/- cells were treated with 5Gy IR and cells 
counted for centrosome amplification 48 hours after treatment. Interestingly, TP53-/-CHK1 +/- cells 

showed a significant reduction in centrosome amplification when compared to TP53-/- cells (Figure 
4.12A and B). This confirms that even the loss of one CHK1 allele has an impact on centrosome 
numbers and confirms in human cells the requirement for CHK1 in DNA-induced centrosome 

amplification. 

 
Figure 4.12: Centrosome amplification is reduced in TP53-/-CHK1 +/- cells after DNA damage 
A. Immunofluorescence microscopy of TP53-/- and TP53-/-CHK1+/- cells, 48 hours after treatment with 
5Gy IR. Cells were fixed with methanol, stained with anti-centrin2 (green) and gamma-tubulin (red). 
DAPI was used as counterstain for DNA. Scale bar indicated is 5 μm. B. Quantification of the number 
of cells with 3 or > 4 centrioles post 5 Gy IR. Histograms show mean with SEM for 3 separate 
experiments in which 200 cells were counted for centriole numbers. *P<0.05 by t-test. 
 

4.6 Depletion of PLK4 results in reduction of DNA damage-induced centrosome 
amplification  
PLK4 is an essential kinase for centriole biogenesis (Kleylein-Sohn et al., 2007). Any change in 

PLK4 expression leads to centrosomal aberrations. Depletion or inhibition of PLK4 results in 
centrosome duplication failure (Bettencourt-Dias et al., 2005; Habedanck et al., 2005; Holland et 

al., 2010; Lambrus et al., 2015; Wong et al., 2015). Overexpression of PLK4 leads to centrosome 
amplification with the production of multiple procentrioles (Coelho et al., 2015; Kleylein-Sohn et 

al., 2007; Peel, Stevens, Basto, & Raff, 2007). PLK4 is aberrantly expressed in several tumours of 
breast, liver, colon and prostate  (Ko et al., 2005; Korzeniewski, Hohenfellner, & Duensing, 2015; 

Macmillan, Hudson, Bull, Dennis, & Swallow, 2001; Marina, 2014). Furthermore, PLK4 
heterozygous mice develop spontaneous liver and lung tumors, and overexpression of PLK4 

promotes centrosome amplification and tumorigenesis in flies (Basto et al., 2008; Castellanos, 
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Dominguez, & Gonzalez, 2008; Ko et al., 2005; Levine et al., 2017). Interestingly, PLK4 has been 
reported to be essential for genome stability and DNA damage response. PLK4-Seckel cells 

showed accumulation of γ-H2AX and the phosphorylated form of CHK1 was notably decreased in 
PLK4-Seckel cells in response to replication stress. PLK4-Seckel fibroblasts had disrupted mitotic 

morphology with improperly aligned chromosomes and uneven spindle assemble (Dincer et al., 
2017). This was interesting in the context of DNA damage-induced centrosome amplification, 

where PLK4 involvement in this pathway is unknown. We hypothesised that PLK4 might be a 
strong candidate for an effector of centrosome responses to DNA damage. In response to DNA 

damage, CHK1 might signal directly or indirectly to regulate PLK4 levels, or signal PLK4 to regulate 
centrosomal proteins involved in centrosome duplication process. To test this, we initially analysed 

the impact of PLK4 depletion on DNA damage-induced centrosome amplification. 
 

We obtained hTERT- RPE1 PLK4-AID cell line from the laboratory of Andrew Holland (Johns 
Hopkins University), in which a chemical genetics approach allowed the PLK4 protein reversible 
level in the control of cells. A schematic diagram showing the strategy for auxin-inducible 

destruction of endogenous PLK4 protein and a flow diagram of the experimental design are shown 
in Figure 4.13A and B. Representative immunofluorescence images with indicated times of IAA 

treatment are shown in Figure 4.13C.  
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Figure 4.13: Optimization of chemically-induced depletion of PLK4 in hTERT-RPE1 PLK4-
AID cells using auxin (IAA). 
A. Schematic illustration of the strategy for the auxin-inducible disruption of PLK4 (modified from 
Lambrus et al., 2015). B. Flow diagram for studying centrosome amplification in response to DNA 
damage before and after PLK4 depletion. C. Immunofluorescence microscopy of PLK4 disruption 
with indicated time points after addition of 500 µm IAA. Scale bar, 5μm and blow-ups of 
centrosomes, 1μm. 
 
After confirmation of PLK4 depletion (Figure 4.13 C), using these conditions, we treated PLK4-AID 
cells with IAA and after 30 mins, these cells were irradiated with 5 Gy IR and incubated for 48 

hours. After 48 hours, these cells were quantitated for centrosome amplification along with wild-
type hTERT-RPE1 cells and untreated PLK4-AID cells as controls. Examples of images used for 

quantification and a graph showing centrosome numbers are shown in Figure 4.14A and B.  
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Figure 4.14: PLK4 is required for centrosome amplification in response to DNA damage. 
A. Immunofluorescence microscopy of hTERT-RPE1, PLK4-AID cells and PLK4-depleted cells, 
48 hours after treatment with 5 Gy IR. Cells were fixed with methanol, stained with anti-centrin 
(green) and gamma-tubulin (red). DAPI was used as a counterstain for DNA. Scale bar, 5μm. B. 
Quantification of number of cells with 3 or > 4 centrioles post-5 Gy IR. Histograms show mean with 
SEM for 3 experiments in which 200 cells were counted for centriole numbers. **P<0.05 by t-test. 
 
As expected, upon depletion of PLK4 there was a significant decrease in centrosome amplification 
in irradiated PLK4 deficient cells when compared to the wild-type and negative control cell lines. 

This shows that PLK4 is required for centrosome amplification upon DNA damage.  

4.7 Summary 

This chapter has given an overview of our experiments that targeted CHK1. We were successful 

in disrupting one of the alleles of the CHK1 locus on a TP53 mutant background. Characterisation 
of cell proliferation and analysis of cell cycle distribution showed mild defects, but CHK1 

heterozygote cells divided successfully and underwent the cell cycle without overt problems. Cell 
cycle analysis also revealed that TP53-/- CHK1 +/- cells are aneuploid/ polyploid. Finally, as 

previously observed, CHK1 targeted clones had reduced levels of centrosome amplification after 
IR, reiterating the importance of CHK1 in the control of centrosome numbers after DNA damage. 
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5 Disruption of CHK1 affects ciliogenesis in hTERT-RPE1 TP53 null cells 

5.1 Introduction 

Cilia are highly conserved microtubular organelles that extend from the cell surface of most animal 

cells. Cilia exist as motile and non-motile forms (Pazour & Witman, 2003). Motile cilia help in fluid 
flow and promote cell motility (Bloodgood, 2010). Non-motile cilia, also known as primary cilia, 

function as a mechano- and chemosensory organelles and act as signalling platforms controlling 
cellular proliferation, differentiation, and migration (Goetz & Anderson, 2010). When cells exit cycle 

and become quiescent, cilia are formed when the mother centriole is converted to a basal body 
that nucleates the primary cilium. The mother centriole migrates to the cell surface and 

subsequently docks at the plasma membrane using its distal appendages. Cilia are made up of a 
microtubule doublet, which extends from the mother centriole toward the extracellular matrix. The 

microtubule matrix is surrounded by a phospholipid membrane that is distinct from the plasma 
membrane, and which is enriched for signalling molecules and receptors. Structural components 

must be transported from the cytoplasm into the cilium to build and maintain the organelle in a 
highly ordered process mediated by intraflagellar transport (IFT) proteins. Further, cilia are 

disassembled to allow centrioles to form mitotic spindles when the cell cycle progresses (Sánchez 
& Dynlacht, 2016). 
 

Primary cilia play a key role in signal transduction pathways including Sonic hedgehog (Shh), 
Wingless-related integrated site (Wnt) and Notch signalling. Primary cilia also mediate and 

integrate signalling during embryonic development and tissue morphogenesis (Angers & Moon, 
2009; Ezratty et al., 2011; Goetz & Anderson, 2010). Dysfunctional ciliogenesis can cause a 

number of human disorders. Defects in primary cilia can have diverse consequences on cell 
proliferation, differentiation, apoptosis and tumorigenesis (Irigoin & Badano, 2011). Primary cilium-

related defects are termed ciliopathies, where defects in primary cilia can lead to a range of 
developmental disorders affecting multiple organs, including the kidney, eye, liver and brain 

(Bettencourt-Dias et al., 2011; Goetz & Anderson, 2010; Pazour & Witman, 2003). 
 

In recent years, the primary cilium has been implicated in the DNA damage response (DDR), with 
several proteins being suggested to be involved both in the regulation of primary cilium formation 
and the DNA damage response (Attanasio, 2015; Johnson & Collis, 2016). For instance, whole 

exome resequencing identified proteins with mutations that affect the centrosomal proteins FAN1, 
MRE11, ZNF423, and CEP164, as novel genes causing Nephronophthisis-related ciliopathies 

(NPHP-RC) (Chaki et al., 2012; F Hildebrandt, 2012). Interestingly, these ciliopathy gene products 
were shown to colocalize with DDR proteins in response to DNA damage. Mutations in FAN1 

cause karyomegalic interstitial nephritis (KIN), which is indistinguishable from NPHP. FAN1 is 
essential for the interstrand crosslink (ICL) repair pathway of the DDR (Zhou et al., 2012). A 
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homozygous truncation mutation in MRE11, an essential component of the ATM-Chk2 pathway of 
the DDR can cause NPHP-RC (Chaki et al., 2012). In the same study, which examined a subset 

of NPHP-RC, mutations in the zinc finger protein-coding gene, ZNF423, were also identified. 
ZNF423 was shown to interact with the DNA damage sensor PARP1, which recruits MRE11 and 

ATM to the sites of DNA damage. ATM is activated by MRE11 and the TIP60 complex, and NPHP-
RC proteins colocalise with the DDR protein to TIP60 to nuclear foci (Chaki et al., 2012). To date, 

the group of genes described as mutated in NPHP-RC includes SDCCAG8/NPHP10, ZNF423, 
CEP164, OFD1, RUVBL1 and RUVBL2. OFD1, RUVBL1, RUVBL2, all of which are known to play 

a role in DDR (F Hildebrandt, 2012). Cep164 plays an important role in primary ciliogenesis and 
was shown to be involved in DNA repair, putatively in ATR-dependent CHK1 activation upon 

induced replication stress (Sivasubramaniam et al., 2008). Knockdown of CEP164 in zebrafish 
results in dysregulated DDR and NPHP-RC (Chaki et al., 2012). Contradicting this potential 

CEP164 role in DDR, recent studies  from CEP164-deficient hTERT-RPE1 cells did not shown any 
defect in DDR, but obstructed primary ciliogenesis (Daly et al., 2016). Overall, these findings 
implicate defective DDR signalling in the development of cilia-related diseases, including renal 

ciliopathies (Attanasio, 2015; Johnson & Collis, 2016). 
 

The functional role for NEK kinase family members is established in both DDR and ciliogenesis 
(Fry et al., 2012). NEK1 and NEK8, a NIMA-related kinase family protein, are important for both 

ciliogenesis and efficient DNA repair. NEK1 and NEK8 mutations can lead to polycystic kidney 
disease in mice and have been identified in human ciliopathy patients (Liu, 2002; Otto et al., 2008; 

Polci et al., 2004; Shalom et al., 2008; Upadhya et al., 2000). NEK1 is involved in sensing of DNA 
damage and DSB repair at the G1-S and G2-M transitions. Depletion or deletion of NEK1 causes 

failure in checkpoint activation by CHK1/2 in response to DNA damage (Y. Chen, Chen, Riley, & 
Chen, 2011). NEK8 is involved in controlling cellular responses to replication stress through ATR 

kinase and limits CDK activity to suppress the formation of DNA breaks. Cells with a ciliopathy-
associated NEK8 mutation had an increase in DNA damage and cell cycle defects, and Nek8 
mutant mice kidneys accumulated DNA damage (Choi et al., 2013). Loss of Nek8 in mice caused 

defects in symmetry and impaired kidney development (Mahjoub, 2005; Manning et al., 2013).  
 

In addition to these studies, several groups have reported functional links to ciliogenesis for 
proteins associated with the DDR. ATR was observed outside the nucleus, localised in the cilia of 

mouse photoreceptors and the shorter cilia seen in mice with one mutant Atr allele are associated 
with photoreceptor degeneration. ATR is also required for ciliary-related Sonic Hedgehog 

signalling and patient-derived ATR-SS cells form cilia that are reduced in length with impaired 
cilium-dependent signalling. These findings show a role for ATR in ciliary signalling, distinct from 

its canonical functions during DDR and DNA replication (Stiff et al., 2016; Valdes-Sanchez et al., 
2013). Additionally, DNA replication licensing proteins have been implicated in cilium formation. 
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Mutations in genes that encode origin recognition complex proteins such as ORC1 were shown to 
shown to affect ciliogenesis through impaired SHH signalling in ORC1-deficient primary fibroblasts 

(Johnson & Collis, 2016; Stiff et al., 2013). Mini-chromosome maintenance (MCM) proteins 
facilitate DNA replication by licensing origins and unwinding the DNA double strands. Interestingly, 

depletion of MCM2 in zebrafish leads to the development of ciliopathy-related phenotypes and loss 
of MCM2 in human fibroblasts causes shortened cilia (Tena et al., 2019). Finally, the ATM-

interactor (ATMIN), a binding partner of the key DDR kinase ATM that acts a transcription factor, 
is required for ciliogenesis. ATMIN is implicated in ciliogenesis during lung and kidney 

morphogenesis in mice through its ability to function as a transcription factor by regulating Wnt 
signalling (Goggolidou et al., 2014; Goggolidou et al., 2014). Overall these findings demonstrate 

both genetic and functional links between DDR signalling and maintenance of functional cilia, but 
it is not clear what drives the potential connection between DDR and ciliogenesis.  

 
In relation to connection between DDR and centrosome regulation, CHK1 was shown to regulate 
centrosome numbers in response to DNA damage but the mechanism is still unclear (Bourke et 

al., 2007; Loffler et al, 2013). CHK1 is reported to be both nuclear and cytoplasmic, and it was also 
shown to localize to centrosomes, although its localization is controversial (Kramer et al., 2004; 

Matsuyama et al., 2011). The mechanism of activation and the targets of CHK1 remain unclear 
with respect to the centrosome and its regulation. With the reported observations related to DDR 

proteins’ involvement in ciliogenesis and cilia-related signalling, it will be interesting to know if 
CHK1 has any role in ciliogenesis. In this chapter, we aimed to study the impact of CHK1 

heterozygosity on primary ciliogenesis in immortalised human RPE1 cells.  To study this question, 
we used TP53-/-CHK1+/- cells generated earlier in this project and furthermore, we confirmed our 

observations with siRNAs and CHK1 specific inhibitor.  

 

5.2 Loss of a CHK1 allele reduces primary cilia formation in human cells 

We and others have shown that CHK1 deletion leads to reduction in centrosome number upon 

DNA damage (Bourke et al., 2007; Robinson et al., 2007a). Primary cilium formation is initiated 
when cells exit mitosis and enter G0 phase. One method of arresting cells in G0 phase is by serum 

starvation. Here we investigated whether deletion of one CHK1 allele has an impact on primary 
cilium formation. First, we serum starved TP53-/-CHK1+/- cells along with wild-type and TP53-/- cells 

to determine cell cycle arrest at G0/G1phase. These cells were examined by staining for DNA 
content with PI and analysed by flow cytometry. Analysis of the cell cycle profiles of the wild-type, 
TP53-/- and TP53-/-CHK1+/- cells revealed no difference in synchronisation (Figure 5.1A and 5.1B). All 

the three cell lines show cells arresting in G0/G1 phase after being cultured in 0.1% FBS for 48 
and 72 hours (Figure 5.1A). The percentage of cells for G0/G1, S and G2 phases of cell cycle were 

quantified (Figure 5.1B). The percentage of TP53-/-CHK1+/- cells in G0/ G1 was the same as was 

observed in wild-type and TP53-/- cells, indicating robust accumulation of cells in G0/G1 phase upon 
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serum starvation (Figure 5.1B). The stacked bar graph shows similar cell cycle arrest in all three cell 

lines (Figure 5.1C). These results indicate that there was no defect in TP53-/-CHK1+/- cells’ arrest in G0 

/G1 phase upon serum starvation.  

 
Figure 5.1: Cell cycle distribution of TP53-/-CHK1+/- after serum starvation 
A. FACS analysis of DNA content of asynchronous cells (10% FBS) and synchronous (0.1% FBS) 
cells of the indicated genotype. Cells were stained with PI for DNA content. B. the percentage of 
cells in each stage of the cell cycle as measured using FlowJo software. Data shown are mean of 3 
separate experiments. C. Stacked bar graphs showing the percentage of cells at various stages of cell 
cycle. AS, Asynchronous. The cell cycle data of three independent replicates were calculated and 
represented as a mean with SEM, N=3. 
 
We tested the impact of CHK1 on primary cilium formation in TP53-/-CHK1+/- cells. We serum starved 

(0.1% FBS) the cells for 48 hours to induce ciliogenesis and analysed the cells by indirect 
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immunofluorescence microscopy. Using acetylated tubulin, a ciliary axoneme marker, we observed a 

significant reduction in ciliation frequency in TP53-/-CHK1+/- cells when compared to wild-type and 
TP53-/- cells (Figure 5.2A). After 48 hours of serum deprivation, we observed a small difference in 

ciliation between wild-type and TP53-/- cells, which showed ciliation frequencies of 70-75% and 50-

58%, respectively, but we observed only 20% ciliation in TP53-/-CHK1+/- cells (Figure 5.2B). These data 

indicate that CHK1 is required for efficient primary ciliogenesis and might suggest a regulatory role for 

CHK1 in primary cilium formation.  
 

 
Figure 5.2: Primary cilium formation is reduced in TP53-/-CHK1+/- cells 
A. Immunofluorescence microscopy of wild-type, TP53-/- and TP53-/-CHK1+/- cells 48 hours after serum 
starvation. Cells were fixed with methanol, stained with CEP135 (green) and acetylated tubulin (red). 
DAPI was used as a counterstain for DNA. Scale bar, 5 μm and for the blow up, 1 μm. B. The bar graph 
shows the percentage of primary cilia formation. The data from three independent replicates in which 
at least 100 cells were counted were calculated and are represented as the mean with SEM. **p<0.01, 
***p<0.001 by t-test. 
 

5.3 siRNA-mediated depletion of CHK1 affects primary cilia formation 

Although we observed a strong phenotype of defective primary ciliogenesis in TP53-/-CHK1+/- cells, 
the question arose of whether this might be due to clonal effects, the observed aneuploidy or off-

target effects in the TP53-/-CHK1+/- cell line. To address this issue, we examined ciliogenesis after 
siRNA depletion of CHK1 in wild-type, TP53-/- and TP53-/-CHK1+/- cell lines. We used two different 
siRNAs that targeted different regions: siCHK1 was previously used in our lab to successfully 

deplete CHK1 in human cells (Conroy et al., 2012) and siCHK1.1 was used in published studies 
from other groups (Schmitt et al., 2006; Speroni et al., 2012). First, we confirmed the efficiency of 

siRNA-mediated CHK1 depletion by immunoblot (Figure 5.3). Immunoblot analysis showed 
significant reduction in cellular levels of CHK1 for both siRNAs, with almost 85-90% reduction of 
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CHK1 protein signal seen when compared to control cells treated with scrambled siRNA (Figure 
5.3).  

 
Figure 5.3: Immunoblot analysis of siRNA mediated depletion of CHK1 
Immunoblot analysis of CHK1 depletion with CHK1 specific siRNAs as indicated. As a negative control, 
scrambled siRNA (Sigma) was used in this experiment. 
 
In previous experiments, we observed TP53-/-CHK1+/- cells arresting efficiently in G0/G1 phase but 
showing a marked ciliation defect. To test whether siRNA-mediated CHK1 depletion also led to 

this phenotype, the cell cycle arrest needed to be verified. Therefore, we performed cell cycle 
analysis of the impact of siCHK1.1-mediated CHK1 depletion and serum starvation in wild-type 
and TP53-/- cells. Analysis of the cell cycle profiles of the wild-type cells after CHK1 depletion 

revealed a reduction of cells arresting in G0/G1 phase and accumulation of cells in S phase and 
G2 phase. This was similar in TP53-/- cells: there was a reduction in the number of G0/G1 phase 

cells, but unlike wild-type cells, there was a greater accumulation of cells only in S phase, but not 
in G2 phase (Figure 5.4A). With efficient depletion of CHK1 in wild-type cells, we observed a 

smaller sub-G0 population. In TP53-/- cells, the percentage of sub-G0 population ranged from 9-
10% and a significant polyploid population was detected, up to 10-12%. The percentage of cells 

for sub-G0, G0/G1, S and G2 phases of cell cycle were quantified for both cell lines (Figure 5.4B 
and 5.4C). Serum starvation in CHK1-depleted TP53-/- cells might cause some cell death due to 

stress from CHK1 depletion, which was not observed in serum-starved TP53-/-CHK1+/- cells (Figure 
5.1A). 
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Figure 5.4: Cell cycle distribution of siRNA mediated CHK1 depleted cells after serum starvation 
A. FACS analysis of DNA content of CHK1 depleted synchronous (0.1% FBS) cells of the indicated 
genotype. Cells were stained with PI for DNA content. B. the percentage of cells in each stage of 
the cell cycle as measured using FlowJo software. Data shown are mean of 3 separate experiments. 
C. Stacked bar graphs showing the percentage of cells at various stages of cell cycle. Sub-G1, G0/G1, 
S and G2 phase. The cell cycle data of three independent replicates were calculated and represented 
as a mean with SEM. 
 
To test the impact of CHK1 loss on primary cilium formation, we carried out CHK1 depletion in 

wild-type and TP53-/- cells and serum starvation to induce ciliogenesis. Using acetylated tubulin to 
mark the ciliary axoneme and CEP135 as a centriole marker, we observed a slight reduction in 

ciliation frequency for wild-type cells transfected with CHK1 siRNA. A similar phenotype was 
observed with either siRNA. CHK1 depletion in TP53-/- cells resulted in a reduction of ciliation 

frequency. TP53-/- cells transfected with siCHK1 showed a 20-25% reduction in ciliation frequency. 
Interestingly, TP53-/- cells transfected with siCHK1.1 showed a significant reduction of 60-70% in 

ciliation frequency (Figure 5.5B). The depletion of CHK1 using siRNA data suggests variation in 
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ciliation frequency in TP53-/- cells between two siRNAs. Wild-type cells transfected with siCHK1 
showed results similar to those observed in a previous study from our group which was carried out 

in wild-type hTERT-RPE1 cells (Conroy et al., 2012). The ciliation frequency of CHK1-depleted 
TP53-/- cells was similar to that in TP53-/-CHK1+/- cells, confirming that the phenotype observed 

was due to the loss of one CHK1 allele in TP53-/- CHK1+/- cells (Figure 5.2B and Figure 5.5B).  
 

 
Figure 5.5: Depletion of CHK1 results in reduced primary cilia formation in RPE1 cells 
A. Immunofluorescence microscopy of CHK1-depleted wild-type and TP53-/- cells 48 hours after serum 
starvation. Cells were fixed with methanol, stained with CEP135 (green) and acetylated tubulin (red). 
DAPI was used as a counterstain for DNA. Scale bar, 5 μm and in the blow-up, 1 μm. B and C. Bar 
graphs showing the percentage of primary cilia formation after treatment with indicated siRNAs and 
serum starvation. The data from three independent replicates in which at least 100 cells were counted 
are represented as means with SEM. **p<0.005, ns-non significant by t-test. 
 

5.4 Inhibition with CHK1 specific inhibitor CHIR-124 leads to reduced primary 
cilia formation 

After confirming the ciliation phenotype observed in TP53-/-CHK1+/- cells with siRNA studies, we 
further tested the impact of CHK1 depletion on the assembly of primary cilia. We inhibited CHK1 

chemically with CHK1 specific inhibitor CHIR-124. Inhibition of CHK1 with CHIR-124 results in 
abrogation of G2/M arrest in IR-treated HCT116 wildtype and p53 null cells (Tao et al., 2009). We 
tested cell cycle distribution after culture in reduced serum (0.1% FBS) for 48 hours in the presence 
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and absence of CHIR-124. We pre-treated cells with CHIR-124 for 1 hour and serum starved cells 
in the presence of 100 nM CHIR-124 for a further 48 hours. These cells were stained for DNA 

content with PI and analysed by flow cytometry. Analysis of the cell cycle profiles of the wild-type 
cells revealed no notable differences in the distribution of serum-starved wild-type and TP53 

mutant cells in G0/ G1, S and G2 phases before and after CHK1 inhibition (Figure 5.6).  

 
Figure 5.6: Cell cycle distribution in presence and absence of CHK1 inhibitor after serum 
starvation  
A. FACS analysis of DNA content of CHK1-inhibited synchronous (0.1% FBS) cells of the indicated 
genotype. Cells were stained with PI for DNA content. B. The percentage of cells in each stage of 
the cell cycle as measured using FlowJo software. Data shown are mean of 3 separate experiments. 
C. Stacked bar graphs showing the percentage of cells at various stages of cell cycle. The cell cycle 
data of three independent replicates were calculated and are represented as a mean with SEM. 
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After analysis of cell cycle distributions after CHK1 inhibition, we next analysed for primary cilia 
formation in wild-type and TP53-/- hTERT-RPE1 cells. CHK1 was inhibited and the cells were grown 

under reduced serum (0.1% FBS) to induce primary cilia formation. After cells were incubated for 
48 hrs in the presence of 100 nM CHIR-124, cells were stained for acetylated tubulin as a primary 

cilium marker and CEP135 as a centriolar marker. Our quantification of primary cilia revealed that 
there was a significant reduction in the induction of primary cilium formation in TP53-/- cells, but not 

in wild-type cells, similar to our siRNA studies (Figure 5.7A and 5.7B). Inhibition of CHK1 in wild-
type cells resulted in 70-72% primary cilium formation, whereas in TP53-/- cells, primary cilia 

formation was reduced to 20-23% (Figure 5.7A & 5.7B). This ciliation defect is similar to the 
phenotype observed in TP53-/-CHK1+/- cells, which was also confirmed with siRNA. Together, 

these data suggest that CHK1 is required for primary cilia formation and that CHK1 might act as a 
positive regulator of ciliogenesis in human cells. 

  

 
Figure 5.7: Inhibition of CHK1 results in reduced primary cilia formation in RPE1 p53-/- cells 
A. Immunofluorescence microscopy of CHIR-124 treated wild-type and TP53-/- cells 48 hours after 
serum starvation. Cells were fixed with methanol, stained with CEP135 (green) and acetylated tubulin 
(red). DAPI was used as a counterstain for DNA. Scale bar, 5 μm and in the blow-up, 1 μm. B. Bar 
graph shows the percentage of primary cilium formation after treatment with the indicated siRNAs. The 
data of three independent replicates in which at least 100 cells were counted are represented as a 
mean with mean with SEM.*p<0.01 by t-test. 
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5.5 Impact of CHK1 loss on negative regulators of ciliation 

The defective primary cilia formation in TP53-/-CHK1+/- cells prompted us to check the distribution 

of the negative regulators of ciliogenesis, CP110 and CEP97, in our TP53-/-CHK1+/- cells after 
serum starvation. After docking of the basal body to the cell membrane, the extension of the 

centriolar microtubules forms the ciliary axoneme. Axoneme extension is facilitated by the removal 
of the ciliary capping proteins, CP110 and CEP97, from the distal end of the mother centriole 

(Spektor et al., 2007). To determine whether CP110/CEP97 removal from the mother centriole is 
affected in TP53-/-CHK1+/- cells, we stained for CP110/CEP97 in serum-starved wild-type, TP53-/- 

and TP53-/-CHK1+/- cells. We observed no difference in CP110/CEP97 signal between cell lines 

(Figure 5.8 C, D & E). Interestingly, although CP110/CEP97 was removed upon serum starvation 
in TP53-/-CHK1+/- cells, there was no extension of axonemes. One mechanism for CP110 removal 

is through its regulation by TTBK2 at basal bodies (Goetz et al., 2012). We stained for TTBK2 and 
found no difference in the TTBK2 signal or localisation in all the three cell lines (Figure 5.8B). 

Centriole distal appendages promote membrane docking, leading to cilia initiation (Tanos et al., 
2013), so it is worth to examine defect in distal appendages in TP53-/-CHK1+/- cells to test for 

centriole docking. As a control for ciliation, in a separate experiment ARL13B was stained to mark 
the ciliary membrane (Figure 5.8A).  The ciliation frequency for was 50-60% for TP53-/- cells and 

18-22% for TP53-/-CHK1+/- cells, similar to previous observations.  These data suggest that 
dysregulation of CP110/CEP97 is not responsible for the ciliation defect seen in TP53-/-CHK1+/- 

cells.  
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Figure 5.8: CP110/CEP97 does not show any dysregulation in TP53-/-CHK1+/- cells 
A&B. Immunofluorescence microscopy of wild-type, TP53-/- and TP53-/-CHK1+/- cells 48 hours after 
serum starvation. Cells were fixed with methanol, stained with ARL13B (green-right panel) and TTBK2 
(green-left panel) and acetylated tubulin (red). DAPI was used as a counterstain for DNA. Scale bar, 1 
μm. C&D. Immunofluorescence microscopy of wild-type, TP53-/- and TP53-/-CHK1+/- cells 48 hours after 
serum starvation. Cells were fixed with methanol and stained for CP110 (green-right panel) and   CEP97 
(green-left panel) and acetylated tubulin (red). DAPI was used as a counterstain for DNA. Scale bar, 1 
μm. E. CP110 intensity measurements of pericentriolar region (5 μm2) per cell for 30 individual cells in 
wild-type, TP53-/- and TP53-/-CHK1+/- cells. To measure CP110 signal, cells were captured with 0.4 μm 
Z-stacks and images were then deconvolved in the FITC channel for CP110 signal determination using 
Volocity software. CP110 signals were then derived removing noise from the object (input: ROIs; filter: 
Fine filter). Data show individual (black) and mean (red) of mean intensity measurements with SEM. 
calculated from 30 centrosomes in three separate experiments. Statistical comparisons are as 
indicated. *p<0.05 by t-test. 
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5.6 Loss of CHK1 allele results in reduction of centriolar satellites at the 
centrosome after serum starvation 

Centriolar satellites are centrosome-associated protein complexes that serve as a scaffold to target 

a number of proteins to centrosome. They have also been reported to harbour proteins essential 
for ciliogenesis (Bärenz et al., 2011; Tollenaere, Mailand, et al., 2015).  Depletion of centriolar 

satellites results in defective primary cilia formation. For example, deletion of PCM-1 resulted in 
complete failure of ciliation in serum deprived RPE1 cells (Hoang-Minh et al., 2016; Wang et al., 

2016). To test whether the ciliation defect seen in CHK1-deficient cells might be related to 
centriolar satellites, we stained for PCM1 in serum-starved wild-type, TP53-/- and TP53-/-CHK1+/- 

cells. Analysis of the distribution of PCM1 was measured by intensity in a fixed volume around the 
centrosomes. As shown in Fig. 5.9, the PCM1 signal quantification at the centrosomes revealed a 

similar signal for wild-type and TP53-/- cells with mean PCM1 intensity of 55-58%. Interestingly, 
there was reduction in the PCM1 signal in TP53-/-CHK1+/- cells with only 35-40%. These 

observations suggest that loss of CHK1 allele leads to a reduction in PCM1 around centrosomes 
in serum-deprived human cells. This suggests that CHK1 might influence centriolar satellite protein 

assembly around the basal body during the formation or extension of the axoneme. 

 
Figure 5.9: TP53-/-CHK1+/- cells have significant reduction in centriolar satellite protein PCM1 at 
the centrosome after serum starvation 
A. Immunofluorescence microscopy of wild-type, TP53-/- and TP53-/-CHK1+/- cells 48 hours after serum 
starvation. Cells were fixed with methanol, stained with PCM1 (green) and Centrin2 (red). DAPI was 
used as a counterstain for DNA. Scale bar, 1 μm. B. PCM1 intensity measurements of pericentriolar 
region (5 μm2) per cell for 30 individual cells in wild-type, TP53-/- and TP53-/-CHK1+/- cells. To measure 
PCM1 signal, cells were captured with 0.4 μm Z-stacks and images were then deconvolved in the FITC 
channel for CP110 signal determination using Volocity software. PCM1 signal were then derived 
removing noise from the object (input: ROIs; filter: Fine filter). Data show individual (black) and mean 
(red) of mean intensity measurements with SEM. calculated from 30 centrosomes in three separate 
experiments. Statistical comparisons are as indicated. ****p<0.0001 by t-test. 
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5.7 Summary 

In this chapter we found that loss of a single CHK1 allele leads to defects in primary cilia formation 

in p53-deficient cells without any defect in cell cycle synchronisation in G0/G1 phase after serum 
depletion. To control for possible clonal changes or off-target effects, we confirmed the ciliation 

defect phenotype by siRNA mediated depletion of CHK1 in TP53-/- cells. Furthermore, we used 
CHIR-124, a CHK1-specific inhibitor, to inhibit CHK1 in TP53-/- cells, which also resulted in 

attenuated formation of primary cilia. Seeking potential mechanisms for this ciliogenesis defect, 
we did not observe any differences in the CP110/ CEP97 signal at the centrosome/cilia in TP53-/- 
or TP53-/-CHK1+/- cells, ruling out the dysregulation of ciliary capping proteins. Analysis of the 

centriolar satellite marker, PCM1, at the centrosome in serum-deprived cells revealed a reduced 
PCM1 signal at the centrosome in TP53-/-CHK1+/- cells, indicating the possible involvement of 

centriolar satellites in regulating ciliation in TP53-/-CHK1+/- cells. 
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6 Discussion 
6.1 Targeting 5’ end of CHK1 using CRISPR/Cas9 in chicken DT40 cells and GFP-
CHK1 cells analysis 

CHK1 is a critical mediator of cell cycle and acts as a key effector of DNA damage checkpoints. 
Insights into CHK1 localization will provide physiological context of its function and therefore its 

biological importance. Here, we aimed to elucidate CHK1 localization to the centrosome by tagging 
GFP to 5’ end of CHK1 using CRISPR/Cas9. The efficient targeting of CHK1 using CRISPR/Cas9 

prompted us to generate CHK1 null cell lines and also to study the impact of CHK1 deletion in 
MCPH1 null cells on centrosome amplification in response to DNA damage. 

 
CHK1 location at centrosome is unclear and controversial. Previously, CHK1 was described at 

centrosomes as a regulator of CDC25B in the activation of CDK1/cyclin B during mitotic entry 
(Kramer et al., 2004). However, contrary to this study, Matsuyama and colleagues showed that it 

was nuclear CHK1 but not centrosome-associated CHK1 that controls the timing of mitotic entry. 
This study showed that a key reagent used in previous CHK1 localization studies, the DCS-310 

anti-CHK1 monoclonal antibody, cross-reacted with a centrosomal protein, Ccdc151 (Matsuyama 
et al., 2011). Understanding the precise localization of CHK1 is important to elucidate the 
mechanism for CHK1-dependent centrosome amplification. In our experimental system, the 

chicken DT40 cell line, we successfully tagged the 5’ end of CHK1 with GFP-coding sequence 
using a CRISPR/Cas9-mediated knock-in approach. We generated a CHK1GFP/GFP cell line, where 

a GFP-CHK1 fusion protein was expressed under the control of the endogenous CHK1 promoter. 
Interestingly, our CRISPR/Cas9 approach of targeting CHK1 led to generation of several CHK1-/- 

cell lines, showing again that CHK1 is not essential for viability in chicken DT40 cells under normal 
culture conditions, as had previously been observed (Zachos et al., 2003). The deletion mutations 

in the CHK1-/- cell lines at the target region confirmed the ablation of CHK1. CHK1GFP/GFP cells 
proliferated normally and our CHK1-/- cell lines did not show any significant proliferation defects, 

similar to those described in the previous study (Zachos et al., 2003).  
 

Furthermore, we confirmed the phosphorylation of GFP-CHK1 in response to DNA damage. The 
GFP-tag at the N-terminus may interfere with kinase domain masking the kinase activity. The 
kinase domain of CHK1 is located in the N-terminal region, specifically between amino acid 

residues 8 and 265. However, this apparent normal functionality of GFP-CHK1 should be 
confirmed by assessing the kinase activity of GFP-CHK1. Depending on conditions and the 

requirement of the protein for its activation, CHK1 undergoes its conformational changes by post-
translational modifications during the cell cycle. Activation of CHK1 after DNA damage is known 

to require phosphorylation of several C-terminal residues, including the highly conserved Ser317 
and Ser345 sites. Phosphorylation Ser345 is essential for cellular viability and regulates CHK1 

cytoplasmic localization as well as the putative association of CHK1 with centrosomes (Niida et al, 
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2007). GFP-CHK1 was phosphorylated at Ser345 in response to γ-irradiation, behaving similarly 
to phosphorylated CHK1 in wild-type cells.  We observed an increase in the GFP-CHK1 

phosphorylation level at Ser345 upon DNA damage, indicating that the GFP tag does not interfere 
with the CHK1 kinase domain. Other groups have also shown that GFP-CHK1 cDNA does not 

interfere with the expression and phosphorylation of GFP-CHK1 in response to DNA damage 
(Leung-Pineda et al., 2006; Warmerdam et al., 2010). This suggests that a GFP tag at the N-

terminus of CHK1 does not interfere with phosphorylation of GFP-CHK1. Thus, GFP-CHK1 is 
functional in the CHK1GFP/GFP cell line, which can used for subcellular localization studies. 

 

6.2 Localization of GFP-CHK1 in response to DNA damage 

Supporting the centrosomal localization of CHK1, several groups have described CHK1 at 

centrosomes using various anti-CHK1 antibodies in the presence and absence of DNA damage 
(Table 3.1). We examined the CHK1GFP/- and CHK1GFP/GFP cell lines for GFP-CHK1 localization. In 

our initial analysis, we did not observe any GFP-CHK1 signal at the centrosomes in unperturbed 
cells. GFP-CHK1 was observed to be ubiquitous both in the nucleus and cytoplasm, but 

predominantly in the nucleus. Further, we confirmed this by staining GFP-CHK1 cells with anti 
GFP antibodies and we did not observe any GFP-CHK1 localization at centrosome. Given the 

reports in the literature of CHK1 localization to centrosome in response to DNA damage (Katsura 
et al., 2009; Loffler et al., 2007; Niida et al., 2007; Wilsker et al., 2008), we next analysed GFP-

CHK1 cells for CHK1 localization at centrosomes after DNA damage. Our microscopy analysis did 
not reveal any GFP-CHK1 signal at the centrosomes. In terms of localization, CHK1 is known to 
be mainly in the nucleus, although upon phosphorylation at Ser317, CHK1 dissociates from 

chromatin and phosphorylation at Ser345 is important for cytoplasmic and centrosomal localization 
in response to DNA damage (Niida et al., 2007; Wilsker et al., 2008). Our immunoblot analysis 

revealed nuclear and cytoplasmic localization GFP-CHK1 after DNA damage, similar to other 
studies. Furthermore, Ser345 phosphorylation in GFP-CHK1-expressing cells did not show any 

change compared to wild-type cells. These observations might suggest the regulation of 
CDK1/cyclin B is through nuclear CHK1, but not by centrosome-associated CHK1, as shown in 

the nuclear model for CHK1 that controls the timing of mitotic entry. However, we have to consider 
that centrosomes are a small organelle when compared to the nucleus and cytoplasm 

compartments inside the cell. Just for comparison, not all the CHK1 molecules dissociated from 
chromatin are necessarily required to localize at centrosomes, so a small pool of centrosomal 

CHK1 may be sufficient to control CDK1/cyclin B activation. So, a weak signal of GFP-CHK1 at 
centrosomes might go undetected in our regular indirect immunofluorescence microscopy. To test 

the possibility of CHK1 molecules at centrosome requires further analysis by super resolution 
imaging using single molecule localization studies.  
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6.3 CHK1 is required for centrosome hyper-amplification in MCPH1-deficient 
cells  

DNA damage-induced centrosome amplification is dependent on CHK1 (Bourke et al., 2007; 

Loffler et al., 2007) and exacerbated in the absence of the CHK1 interactor, MCPH1 (Gruber et 
al., 2011; Tibelius et al., 2009b).  CHK1-/- cells generated by CRISPR/Cas9 genome editing 

showed reduced centrosome amplification after DNA damage, similar to previous findings from 
our lab. Furthermore, successful deletion of CHK1 in MCPH1 null cells was achieved by the 

CRISPR/Cas9 approach and these cells showed abrogated centrosome hyperamplification in 
response to DNA damage. This indicates that the hyper-amplification in MCPH1 null cells is 

dependent on CHK1. MCPH1 was propose to suppress the CHK1 activation to regulate 
centrosome numbers in after DNA damage (Antonczak et al., 2016), but the underlying mechanism 

of the interplay of CHK1 and MCPH1 in the regulation of centrosome numbers is still unclear. 
Collectively, the reverse genetic analyses of CHK1 show the impact of CHK1 in numerical 

regulation of centrosomes in response to DNA damage. 
 

6.4 Human CHK1 and MCPH1 locus editing using CRISPR/Cas9 system 

The efficient targeting of the CHK1 locus in DT40 cells using CRISPR/Cas9 prompted us to 

edit CHK1 in human cells, which are more relevant for understanding the potentially clinical 

relevant mechanisms of centrosome amplification. However, we were unsuccessful in tagging 

GFP to 5’ end of CHK1 in human cells, despite following a similar approach to tag GFP to the 

5’ end of human CHK1 using CRISPR/cas9. In search of potential reasons for the absence of 

GFP-CHK1 clones, we assume that off-target effects have played a role by incorrect insertion 

of the GFP-tagged insert, non-specific cleavage of genomic DNA causing DNA damage by 

CRISPR/Cas9, or replacement of the GFP tag itself causing perturbation of fusion protein. 

Recently it was shown that persistent binding of the Cas9 protein to the DNA at the cut site 

would block the DNA repair enzymes from accessing the cut, reducing genome editing 

efficiency (Clarke et al., 2018). The model we used, hTERT-RPE1 cells, are immortalised and 

mostly diploid cells (ATCC® CRL-4000), which we have used previously for genome editing. 

The hTERT-RPE1 cells derived from human normal retinal pigment epithelial (RPE1) cells are 

believed to have lower HR efficiency than cancerous cells, such as HeLa or HEK293T or 

HCT116 cells (Kim et al., 2018). In addition, we considered that off-target effects might impede 

the generation of GFP-tagged clones and we chose paired Cas9D10A nickase approach to 

increase the specificity of the targeting. However, there was no improved success in the 

knock-in of GFP into the CHK1 locus. The length of our homology arms fell within the range 

for recombination efficiency which was same as donor template used for targeting in chicken 

DT40 cells.  
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To explore the roles of CHK1 at centrosomes, we targeted CHK1 with different gRNAs using 

CRISPR/cas9. After several attempts, we were successful in targeting CHK1 in TK6 
lymphoblastoid cells, but the potential target candidates did not survive. This was possibly due to 

the p53 status of the TK6 cells, which express wild-type p53. At this stage, we attempted to 

generate a CHK1 null cell line in TP53 null human cells. Using TP53 null RPE1 and HCT116 

cells in targeting studies should reduce the TP53-mediated DNA damage responses and 

increase the rate of HR from a donor template (Haapaniemi et al., 2018). Furthermore, deletion 

of CHK1 in chicken DT40 B-cells, which lack functional TP53, was much more efficient when 

using CRISPR/Cas9 (Zachos et al., 2003). It is possible that the requirement of CHK1 may 

vary between tissues, or expression levels may vary depending on the cell type and species, 

so that loss of CHK1 may be more detrimental in murine and human cells than in chicken 

cells. 
 
We were successful in targeting CHK1 exon 2 in TP53-/- hTERT-RPE1 cells, but the variation in 

CHK1 protein signals on immunoblot analysis prompted us to subclone the potential targeted 
clones. We successfully isolated CHK1 targeted clones and verified heterozygous genomic 

deletions at the Cas9 cleavage site in these clones by Sanger sequencing.  
 

The generation of homozygous CHK1 null clones was not successful, indicating CHK1 is essential 
in human cells. The targeted removal of exons 2-5 from the murine Chk1 locus resulted in early 

embryonic death (Liu et al., 2000). Nakayama and group deleted 2.5 kb of genomic DNA containing 
exons 1 and 2 of CHK1, which resulted in the abrogation of CHK1 expression and also led to the 

death of CHK1-/- mice during embryogenesis (Takai et al., 2000). Interestingly, cell death of CHK1-

/- was shown to be independent of TP53, the TP53 null mutations could neither rescue nor delay 

the early lethality of CHK1-/- embryos. TP53-/- CHK1-/- blastocysts showed similar cell death as 
CHK1-/- embryos, indicating that the apoptosis of CHK1-/- was independent of TP53 (Aladjem et 
al., 1998; Liu et al., 2000a). In addition to this, D. melanogaster grapes (CHK1) mutants display an 

embryonic lethal phenotype (Fogarty et al., 1997). In support of CHK1 lethality, Zhang and group 
attempted to generate a homozygous CHK1 mutant HCT116 cell line using the AAV-mediated 

gene targeting technique, but failed to generate a single homozygous CHK1 mutant cell line after 
screening more than 300 clones (Wang et al., 2012a). This indicates CHK1 is essential in human 

cells. 
 

To understand MCPH1 function in controlling CHK1 activation and regulating centrosome 
numbers, we attempted to generate an MCPH1 knockout in human cells. We evaluated candidate 

sgRNA activity by observing eGFP fluorescence in HCT116 cells after transfection with the pCAG-
EGxxFP reporter plasmid and used the best targeting gRNA for targeting MCPH1 in human cells. 
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However, after several attempts we did not see any clone with loss of MCPH1 protein in our 
immunoblots. Though we used a screened gRNA for targeting, the reagents used for screening by 

immunoblot analysis were not reliable. We used several commercially available anti-MCPH1/BRIT 
antibodies, which recognised multiple species, and this varied from one antibody to other. We 

assumed that there was no issue with our gRNA or the technical issues prior to screening the 
clones, given the results with our GFP reporter assay. As we have successfully generated 

knockout and knock-in cell lines using the same CRISPR reagents and techniques, we do not 
consider that there were specific technical issues with our approach. MCPH1 is non-essential and 

MCPH1 has been successfully deleted in chicken, mice and monkey (Chen et al., 2013; Ke et al., 
2016). In future, inserting a selection cassette within the MCPH1 coding region using 

CRISPR/Cas9 would avoid unreliable antibody reagents for screening clones. Due to time 
constraints, we thus focussed on our analysis of TP53-/- CHK1+/- cells.  

 
After the examination of proliferation of TP53-/-CHK1+/- cell lines, we examined the cell cycle 
distribution of unperturbed and DNA damage-treated cells. Our FACS analysis of unperturbed cells 

showed a notable shift in TP53-/-CHK1+/- cells when compared to wild-type cells. This shows a 
change in chromosome copy number, indicating an aneuploid chromosome complement. Several 

studies have showed that reduced CHK1 expression leads to genome instability. CHK1 activity is 
important for genome stability by maintaining replication fork integrity, and promoting homologous 

recombinational DNA repair (Sorensen et al., 2005; Zachos et al., 2005). Analysis of TP53-/- 

CHK1+/- cell cycle checkpoints showed accumulation of DNA damage and mild cell cycle arrest in 

S and G2 phase and over time, cells were able to recover and continue to cycle actively. Loss of 
a single CHK1 allele results in reduced CHK1 expression, resulting in DNA damage accumulation, 

aberrant  S and G2 cell-cycle checkpoint, and subsequently, genomic instability (Lam et al., 2004; 
Liu et al., 2000b; Puc et al., 2005; Zachos et al., 2005). CHK1-deficient DT40 cells failed to arrest 

in G2/M phase in response to irradiation and continued to synthesize DNA and cycle actively 
(Zachos et al., 2003). Therefore, loss of a CHK1 allele in TP53 null hTERT-RPE1 cells may have 
led to genome instability due to impaired homologous recombination and thence to aneuploidy.  

 

6.5 Centrosome amplification in TP53-/-CHK1+/- cells and PLK4 depleted cells  

CHK1-deficient DT40 cells showed reduction in centrosome amplification in response to DNA 
damage (Bourke et al., 2007; Loffler et al., 2007; Robinson et al., 2007). TP53-/-CHK1+/- cells had 

reduced centrosome amplification after treating with γ-irradiation, further emphasising the 
importance of CHK1 for DNA damage-induced regulation of centrosome numbers.  

 
Until now, we know that CHK1 is one of the important factors for DNA damage induced regulation 
of centrosome numbers, but the mechanism is still unclear. PLK4 levels are tightly regulated 

throughout the cell cycle and depletion or inhibition of PLK4 leads to centrosome duplication failure 
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(Bettencourt-Dias et al., 2005; Habedanck et al., 2005; Holland et al., 2010; Wong et al., 2015). 
Overexpression of PLK4 leads to centrosome amplification with the production of multiple 

procentrioles (Coelho et al., 2015; Kleylein-Sohn et al., 2007; Peel et al., 2007). Recently, PLK4 
has been implicated to DDR and genome stability, where PLK4-seckel cells treated with HU had 

decreased phosphorylated form of CHK1 and accumulated DNA damage. Thus, we hypothesised 
that PLK4 might be a possible target for CHK1 as an effector of centrosome responses to DNA 

damage. In search of possible CHK1 target, we obtained a PLK4-AID cell line and tested for 
centrosome amplification after treating with γ-irradiation. The reduction in centrosome amplification 

in PLK4-depleted cells indicated the requirement of PLK4 for centrosome amplification upon DNA 
damage. CHK1 might signal directly or indirectly to regulate PLK4 levels, or signal PLK4 to regulate 

centrosomal proteins involved in centrosome duplication process.  
 

6.6 Loss of a CHK1 allele and ciliogenesis in hTERT-RPE1 TP53 null cells 

Surprisingly, we observed that loss of single CHK1 allele led to significant reduction in primary 
cilium formation when compared with wild-type and TP53-/- cells. One possible reason for defective 

ciliogenesis is a deficiency in the cell cycle arrest in G0/G1 phase caused by serum starvation. 
However, serum deprived TP53-/- CHK1+/- cells had a cell cycle distribution similar to that seen in 

wild-type and TP53-/- cells. To our knowledge, a role for CHK1 in ciliogenesis is not been reported 
anywhere in the literature, although recent reports have indicated functional links to ciliogenesis 

for proteins associated with the DDR (Goggolidou et al., 2014; Johnson & Collis, 2016; Stiff et., 
2016; Valdes-Sanchez et al., 2013).  
 

To test whether the observed ciliogenesis phenotype might be due to clonal effects, the observed 
aneuploidy or off-target effects in the TP53-/- CHK1+/- cell line, we performed CHK1 depletion and 

inhibition studies in both wild-type and TP53-/- cells. In our siRNA experiment, we confirmed a loss 
in ciliogenesis with two different siRNAs. We further confirmed the TP53-/-CHK1+/- cells’ ciliation 

phenotype using a CHK1-specific inhibitor, CHIR-124. CHK1 inhibition did not cause any notable 
differences in cell cycle distribution in serum-starved wild-type and TP53 mutant cells, although it 

led to reduced ciliation in TP53 null cells, further confirming the impact of CHK1 deficiency on 
ciliogenesis. Thus, CHK1 might directly or indirectly control the formation of primary cilia in hTERT-

RPE1 cells during quiescence. The question of whether CHK1 is involved directly or indirectly in 
extension of the basal body needs further investigation.  

 
We tested candidate factors that were affected by the loss of CHK1 allele which might mediate 

primary cilia formation. The negative regulators of ciliogenesis, CP110 and CEP97, did not show 
any notable differences between wild-type, TP53-/- and TP53-/- CHK1+/- cells. After docking of the 
basal body to the cell membrane, the extension of the centriolar microtubules forms the ciliary 

axoneme. Axoneme extension is facilitated by the removal of the ciliary capping proteins, CP110 
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and CEP97, from the distal end of the mother centriole (Spektor et al., 2007). Thus, we hypothesize 
that CHK1 loss may affect the extension of axoneme due to a defect in recruitment of protein(s) 

involved in axonemal extension or to a defect in the signalling factor(s) necessary for primary cilium 
formation.  

 
Finally, we tested whether loss of a CHK1 allele has any impact on the factors that target proteins 

to centrosome which are essential for ciliogenesis. Centriolar satellites are reported to harbour 
proteins essential for ciliogenesis (Barenz et al., 2011; Kubo et al., 1999; Tollenaere et al., 2015). 

Depletion of centriolar satellites results in defective primary cilia formation, deletion of PCM-1 
resulted in complete failure of ciliation in serum deprived RPE1 cells (Hoang-Minh et al., 2016; 

Quarantotti et al., 2019; Wang et al., 2016). In contrast to RPE-1 PCM1 KO cells, lack of centriolar 
satellites resulted in significant reduction in ciliation in serum starved IMCD3 cells (Odabasi et al., 

2019). Centriolar satellite proteins are also known to undergo reorganisation in response to stress 
response affecting ciliogenesis (Villumsen et al., 2013). There is evidence that proteins use the 
satellite network for their delivery to centrosome or for activation purposes, for example NEK2 and 

PLK1 (Hames, 2005; Wang et al., 2013). We tested the localization of the centriolar satellite 
protein, PCM1, at the centrosome after serum starvation. In wild-type and TP53-/- cells, PCM1 

displayed a ‘classical’ satellite distribution, maintaining a scattered distribution in the cytoplasm 
surrounding the centrosome (Kubo, 2003) but interestingly, TP53-/- CHK1+/- cells show greatly-

reduced centriolar satellite distribution around centrosomes. Thus, it is possible that loss of CHK1 
impacts centriolar satellite protein concentration at the centrosome, limiting the recruitment of 

proteins involved in ciliogenesis.  
 

Altogether, loss of a CHK1 allele affects primary cilium formation in hTERT-RPE1 cells. The 
depletion and inhibition studies of CHK1 prove that the ciliation phenotype observed in TP53-/- 

CHK1+/- cells is due to deletion of CHK1 allele. One possible route cause for defect in primary 
cilium formation is reduced centriolar satellite proteins around centrosomes. Based on these 
observations, we hypothesise that CHK1 contributes to a critical level of centriolar satellite 

accumulation at the centrosome that is necessary to recruit proteins that are involved directly or 
indirectly in ciliogenesis. 
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Conclusions and future perspectives 
 
The data presented here strongly support CHK1’s involvement in the regulation of centrosome 
numbers. Our data with the double knockout MCPH1-/-CHK1-/- show that CHK1 is important for 

DNA damage induced centrosome amplification. For the first time, we have identified that CHK1 
is a positive regulator of primary ciliogenesis, where CHK1 might control ciliogenesis through 

regulation of centriolar satellite proteins at the centrosome. 
 

Our CRISPR/Cas9 approach to target CHK1 was very efficient in chicken DT40 cells with respect 
to the GFP-tag knock-in and generation of several CHK1 knockout cell lines in. All the clones did 

not show any major defects and cells proliferated similar to wild-type cells and were viable. This 
approach can be used to manipulate endogenous CHK1 to generate mutant cell lines to study 

spatio-temporal localization and centrosome related kinase function. Though our studies did not 
show any GFP-CHK1 localizing at centrosomes, but literature on CHK1 centrosome localization 

strongly supports CHK1 at centrosome, although only a small pool in comparison with nuclear 
CHK1 population and it may vary with cell types. This GFP-CHK1 cell line can be used for 
advanced microscopy studies under different conditions to monitor the CHK1 localization pattern 

under different cellular stresses. Monitoring GFP-CHK1 using live cell imaging would provide 
additional insight into the kinetics of its shuttling between the nucleus and cytoplasm. In addition 

to this, the inclusion of an auxin-inducible degron (AID) on the knock-in tag would help us to control 
the loss of CHK1 via rapid depletion of the protein. This would help us to monitor time-dependent 

CHK1 activities at the subcellular level and would contribute to an improved understanding of the 
molecular mechanism of centrosome responses to DNA damage.  

 
The interplay between MCPH1 and CHK1 is still unclear. MCPH1 has 3 BRCT domains, where 

BRCT domains are known for regulating phospho-proteins. MCPH1 might control activated CHK1 
through one of these domains to target CHK1 to centrosomes or to regulate CHK1 activity to 

control centrosome numbers in response to DNA damage. Identification of MCPH1 domain 
involvement in CHK1 regulation will give insight into spatio-temporal details of CHK1 control. To 
study the protein interaction network, MCPH1 and putative target protein(s) can be endogenously 

tagged with affinity tags like Myc-, His- or Flag-tag using CRISPR/cas9. This would let us to 
understand the interplay between CHK1 and MCPH1.  

 
After success in targeting CHK1 in chicken DT40 cells, we successfully targeted human CHK1 

resulting in loss of a single CHK1 allele in TP53-/- hTERT-RPE1 cells using CRISPR/Cas9. Our 
attempt to eliminate the second allele was not productive in TP53-/-CHK1+/- cells. In order to 

understand the impact of CHK1 on centrosomal abnormalities and its clinical relevance, a 

human CHK1 null cell line would be more relevant to get a clear insight into CHK1 functions. With 
Previous reports clearly suggest that CHK1 is an essential gene in human cells, even in a TP53 
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null background, unlike chicken DT40 cells. RNAi studies would be an option to deplete CHK1 in 
human cells, but RNAi silencing is readily reversible, and RNAi-mediated mRNA degradation often 

result in incomplete silencing and/or off-target effects (Hammond et al., 2001). Recently, using 
CRISPR/Cas9, the endogenous CHK1 protein cells was tagged in HCT116 with a minimum auxin-

inducible degron (mAID). This enabled the induce specific and rapid depletion of the endogenous 
CHK1 protein (Goto et al., 2019). Thus, it is possible introduce auxin-inducible degron (AID) into 

the human CHK1 locus without affecting its kinase activity. Employing such an approach would 
allow us to control CHK1 levels in the cells, thus allowing exploration of the spatio-temporal aspects 

of CHK1 regulation.  
 

To understand how CHK1 functions during centrosome amplification, one can think of early factors 
in centriole biogenesis as potential regulatory targets, such as PLK4, the principal regulator of 

centriole biogenesis. PLK4 depletion resulted in decreased centrosome numbers in response to 
DNA damage. Interestingly, PLK4 has been implicated in DDR and genome stability (Dincer et al., 
2017), making PLK4 a possible CHK1 target candidate. Testing CHK1 and PLK4 interaction by in-

vitro and in-vivo experiments would provide a platform to understand the mechanism for DNA 
damage induced centrosome amplification. DNA damage-induced centrosome amplification can 

occur through accumulation of centriolar satellites at the centrosomes. Here depletion of CHK1 
showed significant reduction DNA damage induced centrosome amplification is preceded by 

accumulation of centriolar satellites (Loffler et al., 2013). Centriolar satellite structures play a roles 
in ciliogenesis and centrosome function, and also serve as assembly platforms for centrosomal 

proteins (Dammermann & Merdes, 2002; Lopes et al., 2011). It is worth testing the accumulation 
of centriolar satellite proteins in TP53-/- CHK1+/- cells after DNA damage. Quantification of the 

centriolar satellites and centriolar proteins would provide the dynamics of the structural 
composition of centrioles, and this might fill the gap in understanding the mechanism for CHK1-

related centrosome abnormalities.  
 
Our analysis of CHK1 impact on centrosomes revealed a defect in primary cilia formation in TP53-

/- CHK1+/- cells. Analysis of the negative regulators, CP110 and CEP97 did not indicate any 
difference in their signal at centrosomes. Thus, it is possible that loss of a single CHK1 allele led 

to defects in axoneme extension. Testing for proteins involved in cilium elongation, such as CPAP, 
would provide some answers for axoneme extension. Serum-deprived TP53-/- CHK1+/- cells 

showed reduced centriolar satellite PCM1 at the centrosomes. As mentioned earlier, centriolar 
satellites are known to play role in ciliogenesis. The reduced centriolar satellite PCM1 structures 

in TP53-/- CHK1+/- cells suggest a possible involvement in CHK1 mediated primary cilia formation 
in RPE1 cells. One way to investigate the role of PCM1 for primary cilia formation would be to 

overexpress PCM1 in TP53-/- CHK1+/- cells. This would address the requirement of centriolar 
satellite function in TP53-/- CHK1+/- cells. Testing the functionality of ciliary signalling pathways in 
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TP53-/- CHK1+/- cells would also be valuable to understand link between DDR proteins and 
ciliogenesis. A rescue cell line expressing CHK1 would be appropriate to study CHK1 involvement 

in ciliogenesis and to understand the mechanism involved in axoneme extension and related 
defects. 

 
Defects in centrosome regulation are implicated in primary microcephaly, primordial dwarfism and 

cancer (Klingseisen & Jackson, 2011; Nigg & Raff, 2009). Recent studies have demonstrated 
defects in ciliary signalling in ATR-SS cells and ATR-depleted zebrafish embryos showed 

phenotypes indicative of ciliary dysfunction (Stiff et al., 2016). The roles of CHK1 in centrosome 
amplification and its interaction with MCPH1, a known microcephaly gene, link it to primary 

microcephaly (Emer Bourke et al., 2007; Rai et al., 2008; Tibelius et al., 2009a). The mechanisms 
for CHK1 dependent DNA damage-induced centrosome regulation is still unclear. The experiments 

in this study will define CHK1 and MCPH1 contributions to centrosome/ cilium activities and to cell 
cycle control in the presence and absence of DNA damage. Understanding these mechanisms will 
provide insight into CHK1 interactions that are important after DNA damage.  The findings in this 

thesis provides a novel and previously uncharacterised role for CHK1 in ciliogenesis, and 
strengthen emerging links between DDR and ciliogenesis, and the aetiology of human disorders 

such as ciliopathies, microcephaly and cancer.  
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Appendix I Primers list 
 
List of oligonucleotides used in this study 
Primer use Primer name Oligonucleotide Sequence 

CRISPR gRNA 

targeting Gallus 

gallus CHK1 

M1 FWD CACCGCGGGGCGGTGCGGGATGG 

M1 REV AAACCCATCCCGCACCGCCCCGC 

M2 FWD CACCGGGATGGCGGTGCCCTTCG 

M2 REV CACCGGGATGGCGGTGCCCTTCG 

PCR Screening -

Gallus gallus CHK1 

UP5 FWD TGACCTCCATGTACTTCTCTGTAA 

CRISPR gRNA 

targeting human  
CHEK1 

CHEx2.1 FWD CACCGTAGTAAAATTCTATGGTCAC 

CHEx2.1 REV AAACGTGACCATAGAATTTTACTAC 

CHEx 3.1 FWD CACC GGTTCAGGCATGCCTATGTC 

CHEx 3.1 REV AAAC GACATAGGCATGCCTGAACC 

CHEx 3.2 FWD CACC GTTCTTCCATCAACTCATGGC 

CHEx 3.2 REV AAAC GCCATGAGTTGATGGAAGAAC 

PCR screening- 
human CHEK1 

exon 2 and exon 3 

CHEK1Int2 FWD GTTCAACTTGCTGTGAATAGAGTAAC 

CHEK1 Int2 Rev CTATTCTGTCAAAAAGCTCTCCTC 

CHEK1Int3 FWD TGTTTTAGAGCCAGACATAGGCA 

CHEK1 Int3 REV ATAAAATGCTAAACTTACCCCTTTC 

Human CHEK1 
siRNA oligos 

CHKEx1.1 GAAGCAGUCGCAGUGAAGA[dT][dT] 

CHKEx1.1_as UCUUCACUGCGACUGCUUC[dT][dT] 
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Appendix III CRISPR/Cas9 Plasmid map 

 
 
Vector type : Mammalian Expression, CRISPR  
5′ cloning site : BbsI (not destroyed)  
3′ cloning site : BbsI (not destroyed)  
5′ sequencing primer : ACTATCATATGCTTACCGTAAC 
Bacterial resistance: Ampicillin, Growth: 370C  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


