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Abstract 
 

Cip1 interacting Zinc finger protein 1 (CIZ1) is a nuclear matrix protein and coordinates the 

activity of cyclin A- cyclin dependent kinase 2 (CDK2) for efficient initiation of DNA replication. 

The overexpression of CIZ1 has been associated with tumorigenesis in several common 

cancers including breast, prostate, colorectal, gall bladder and hepatocellular carcinoma, this 

suggests that CIZ1 may be a viable target for therapeutic intervention in CIZ1-dependent 

cancers. The working model for CIZ1 regulation suggests that CIZ1 protein levels are regulated 

by DDK/CDK2 mediated phosphorylation which protects from ubiquitin proteasome system 

(UPS) mediated degradation. Furthermore, inhibition of DDK/ CDK2 may facilitate the UPS-

mediated degradation of CIZ1. The UPS-mediated degradation of CIZ1 would be dependent 

on a functional UPS, therefore the E3 ligases that target CIZ1 may represent biomarkers for 

patient stratification when determining which patients would respond to CDK inhibitors as a 

way of reducing CIZ1 levels. Further characterisation of the molecular pathways that regulate 

CIZ1 levels could provide potential avenues for reducing CIZ1 in cancer. Here, the efficacy of 

small molecule CDK/DDK inhibitors to reduce CIZ1 levels was evaluated in murine fibroblasts. 

Furthermore, three E3 ligases (UBR5, FBXO38 and UBE2O) that potentially target CIZ1 were 

transfected into 3T3 cells in order to characterise their potential role in regulating CIZ1 

protein levels. In this study, inhibition of CDK4/6, DDK and CDK2 resulted in a non-significant 

reduction in CIZ1 levels during G1/S. Furthermore, inhibition of CDK1 resulted in a non-

significant reduction in CIZ1 levels later in the cell cycle. Inhibition of DDK/CDK2 potentially 

facilitates the UPS mediated degradation of CIZ1, inhibition of the proteasome using MG132 

prevented CIZ1 degradation with concomitant inhibition of DDK or CDK2. For E3 transfection 

experiments, there was difficulty validating E3 expression in the 3T3 cells. Nevertheless, there 

was a non-significant reduction in CIZ1 levels in cells transfected with UBR5-GFP or FBXO38-

FLAG. Together the findings suggest that manipulation of CIZ1 regulators could provide an 

avenue to reduce CIZ1 levels, however the findings are preliminary and further validation of 

the findings is required in future work. 
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Chapter 1: Introduction 



 2 

 
1.1. Introduction 
 
Cip1 interacting Zinc finger protein 1 (CIZ1) has diverse activities in the regulation of the cell 

cycle, X chromosome inactivation and epigenetic maintenance in healthy cells (Copeland et 

al., 2010; Copeland et al., 2015; Coverley et al., 2005; Ridings-Figueroa et al., 2017; Stewart 

et al., 2019). However, in cancer CIZ1 has been associated with tumourigenesis and has been 

found to be required for tumour growth in several xenograft models (Den Hollander et al., 

2006; Higgins et al., 2012; Liu et al., 2015; Wu et al., 2016; Zhang et al., 2015). This suggests 

that CIZ1 may be a viable target in cancer. There are at present no direct approaches to 

therapeutically target CIZ1. In this project, the signalling pathways that regulate CIZ1 protein 

levels will be investigated and the efficacy of reducing CIZ1 levels by modulation of the cyclin 

dependent kinase activity and the proteasome will be evaluated. The targeting of these post-

translational regulatory pathways may be of clinical benefit for the treatment of cancer. This 

review will describe the role of CIZ1 in cell cycle regulation, define its role in tumourigenesis 

and describe the role of cyclin dependent kinase activity and the proteasome in cell cycle 

regulation and their potential role in the regulation of CIZ1 protein levels. 

 

1.2. Cip-1 interacting zinc-finger protein (CIZ1) structure 
 
CIZ1 was discovered as a binding partner of the CDK2 inhibitor protein p21Cip1/Waf1 (Mitsui et 

al., 1999). Human CIZ1 is 842 amino acid residues in length and has an estimated 70% 

homology with murine CIZ1. (Coverley et al., 2005), therefore murine systems are often used 

to study CIZ1 (Ainscough et al., 2007; Copeland et al., 2010; Copeland et al., 2015; Coverley 

et al., 2005; Nishibe et al., 2013; Mitsui et al., 1999). The domain structure of CIZ1 includes 

two glutamate-rich domains, three zinc finger domains, an acidic domain and matrin 3-

homologoug domain 3 (MH3) (Ainscough et al., 2007; Coverley et al., 2005; Mitsui et al., 1999; 

Warder and Keherly, 2003). The zinc finger domain has a role in binding DNA and the acidic 

domain has a role in protein interaction (Gin et al., 2008; Klug, 2010). The C-terminal domain 

of CIZ1 interacts with the nuclear matrix (Ainscough et al., 2007) and the N terminal has 

binding sites for cell division cycle 6 (Cdc6) and cyclin A-CDK2 (Copeland et al., 2015; Pauzaite 

et al., 2016).  
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1.3. The role of CIZ1 in the initiation of DNA replication 
 
CIZ1 is a nuclear protein and biochemical analysis has demonstrated interaction of CIZ1 with 

p21 (Mitsui et al., 1999). It has been proposed that CIZ1 could bind and sequester the CDK2 

inhibitor p21, thereby providing a mechanism for the increase in CDK2 activity in G1 of the 

cell cycle. However, a study has shown that the expression of CIZ1 in p21 null murine 

embryonic fibroblasts (MEFs) stimulates DNA synthesis demonstrating that the role of CIZ1 in 

the initiation of DNA replication is not dependent on modulating p21 activity (Coverley et al., 

2005). CIZ1 has a role in the initiation of DNA replication (Figure 1.1) (Copeland et al., 2010; 

Copeland et al., 2015; Coverley et al., 2005), this is dependent on the ability of CIZ1 to bind 

cyclin E and cyclin A and facilitate the timely localisation of cyclin A-CDK2 to origins of 

replication. CIZ1 binds cyclin E then cyclin A in a two-step process to provide spatio-temporal 

control of cyclin activity during the initiation of DNA replication (Copeland et al., 2010; 

Copeland et al., 2015). In early G1 of the cell cycle, CIZ1 is able to bind to cyclin E and this is 

followed by Cdc6 recruitment and subsequent pre-replication complex formation (Copeland 

et al., 2015). In late G1 the expression of cyclin A increases leading to the displacement of 

cyclin E by cyclin A-CDK2 (Copeland et al., 2010). CIZ1 contains 16 putative phosphorylation 

sites and Cyclin A-CDK2 phosphorylates CIZ1 on residues T144, T192 and T293, this prevents 

binding of cyclin A-CDK2 and the replication activity of CIZ1 is reduced (Copeland et al., 2015). 

Cyclin A-CDK2 also mediates Cdc6 phosphorylation, phosphorylation of Cdc6 leads to its 

cytoplasmic localisation (Delmolino et al., 2001). The subsequent recruitment of proliferating 

cell nuclear antigen (PCNA) and DNA polymerase a allows DNA replication to be initiated (Bell 

and Dutta, 2002).  
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Figure 1.1. The role of CIZ1 in the initiation of DNA replication. In early G1, CIZ1 is able to 
bind cyclin E and Cdc6 resulting in the assembly of the pre-replication complex (Copeland et 
al., 2015). The increase in cyclin A levels during late G1 results in cyclin E being displaced by 
cyclin A-CDK2 (Copeland et al., 2010). CIZ1 and Cdc6 are subsequently phosphorylated and 
Cdc6 is replaced by PCNA (Copeland et al., 2015). Recruitment of GINS and Cdc45 allows 
assembly of the pre-initiation complex (Liu et al., 2016). Binding of DNA polymerase 
completes the replication complex. Abbreviations: Cdc45: Cell division cycle 45; Cdc6: Cell 
division cycle 6; GINS: Go Ichi Ni San; PCNA: Proliferating cell nuclear antigen. Figure from Liu 
et al., (2016). 
 

CIZ1 may have a role as a kinase sensor and this prevents the re-replication of DNA. At low 

kinase levels during late G1, CIZ1 is hypophosphorylated and able to interact with cyclin A-

CDK2 to facilitate the localisation to chromatin. As kinase levels increase, CIZ1 becomes 

hyperphosphorylated and unable to interact with cyclin A-CDK2 preventing DNA replication, 

thereby preventing the re-replication of DNA (Copeland et al., 2015). As CIZ1 acts as a kinase 

sensor and involved in regulating the threshold of CDK activity at which DNA replication can 

occur, CIZ1 may contribute to tumourigenesis by allowing DNA replication to occur at high 

CDK level that would usually be non-permissive for DNA replication thereby leading to DNA 

replication stress (Pauzaite, et al., 2016).  

 

1.4. The role of CIZ1 in tumourigenesis 
 
Overexpression of CIZ1 or alternative splice variants of CIZ1 transcript can drive tumour 

growth. CIZ1 is associated with common cancers including breast, prostate, colorectal, 

hepatocellular carcinoma, gall bladder cancer and small cell (SCLC) and non-small cell lung 

cancer (NSCLC) (Den Hollander and Kumar, 2006; Den Hollander et al., 2006; Higgins et al., 

2012; Lei et al., 2016; Liu et al., 2015; Wang et al., 2014; Wu et al., 2016; Yin et al., 2013; 

Zhang et al., 2015) where CIZ1 contributes to the hallmarks of cancer as described by Hanahan 
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and Weinberg, (2011). Importantly, CIZ1 is non-essential for murine development, an in vivo 

study found mice lacking CIZ1 grew with no developmental abnormalities during embryonic 

development and postnatal growth (Nishibe et al., 2013), this suggests that CIZ1 is non-

essential for murine development providing the basis that CIZ1 may be a viable therapeutic 

target. There is some evidence that CIZ1 has a tumour-suppressor function as CIZ1 (-/-) MEFs 

are susceptible to viral oncogenesis (Nishibe et al., 2013). Dysregulation of CIZ1 can also 

contribute to lymphoproliferative disorders, CIZ1 has a role in the localisation of Xist at the 

inactive X chromosome and in CIZ1 null mice the localisation of Xist is disrupted in activated 

lymphocytes (Ridings-Figueroa et al., 2017; Stewart et al., 2019). Together the findings 

highlight the importance of normal CIZ1 levels.  However, there is evidence demonstrating 

CIZ1 differential splicing, overexpression and transcriptional regulation contribute to 

tumourigenesis. 

 

1.4.1. The role of CIZ1 alternative splice variants in cancer 
 
The CIZ1 gene contains 18 exons (Liu et al., 2016). Variant CIZ1 with the alternative splicing 

of exon 4 is found in Ewing’s tumour cells, omission of exon 4 affects the nuclear distribution 

of CIZ1 and the organisation of DNA replication (Rahman et al., 2007). Alternative splicing 

between exon 14 and 15 leads to the production of b-variant CIZ1 identified in small cell lung 

cancer (SCLC) and non-small cell lung cancer (NSCLC) and is restricted to tumour cells. 

Targeting the b-variant CIZ1 using short hairpin (sh)RNA reduces tumour growth in a 

xenograft model of SCLC (Higgins et al., 2012).  A further CIZ1 spice variant leading to 

truncation of CIZ1 is called CIZ1-F variant and is elevated in early-stage colon and breast solid 

tumours (Swarts et al., 2018). CIZ1 splice variants could be used as diagnostic biomarkers in 

cancer, a quantitative immunoassay has been developed for the detection of the CIZ1 b-

variant, a lung cancer biomarker (Coverley et al., 2017). 

 

1.4.2. The role of CIZ1 overexpression in cancer 
 
The overexpression of CIZ1 has been liked to tumourigenesis in breast, prostate, colorectal, 

gall bladder and hepatocellular carcinoma (Den Hollander and Kumar, 2006; Den Hollander 

et al., 2006; Lei et al., 2016; Liu et al., 2015; Wu et al., 2016; Yin et al., 2013; Zhang et al., 

2015), in all cases CIZ1 was found to promote proliferation. CIZ1 overexpression can promote 
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migration and invasion (Wu et al., 2016; Zhang et al., 2014; Zhou et al., 2018) and can 

contribute to evasion of tumour suppressors (Den Hollander and Kumar, 2006). Studies 

investigating the role of CIZ1 in cancer demonstrate that small interfering (si)RNA mediated 

depletion of CIZ1 can reduce proliferation and migration in vitro (Higgins et al., 2012; Lei et 

al., 2016; Liu et al., 2015; Yin et al., 2013; Wu et al., 2016; Zhang et al., 2015) and inhibit 

tumour growth in several xenograft models (Higgins et al., 2012; Liu et al., 2015; Wu et al., 

2016; Zhang et al., 2015). In addition, CIZ1 levels can provide information on the stage of 

cancer. In colorectal tumours CIZ1 expression has been shown to be increased in tumour 

tissue in comparison to adjacent healthy tissue and CIZ1 expression levels correlated to the 

stage of colon cancer (Wang et al., 2014). 

 

1.4.3. The role of CIZ1 in oncogenic transcriptional regulation 
 
CIZ1 has also been shown to contribute to tumourigenesis based on its role in oncogenic 

transcriptional regulation.  In breast cancer, CIZ1 can promote oestrogen receptor (ER) 

transactivation by facilitating the recruitment of ER to the promoter region of oestrogen-

responsive genes. CIZ1 is an oestrogen-responsive gene as demonstrated in MCF7 and ZR-75 

breast cancer cell lines. A positive feedback loop is formed as CIZ1 sensitizes breast cancer 

cells to oestrogen, subsequent ER signalling leads to CIZ1 expression and further sensitisation 

of the cells to oestrogen leading to oestrogen hypersensitivity in breast cancer. The 

overexpression of CIZ1 increased the proliferation of ZR-75 human breast ductal carcinoma 

cells demonstrating a role of CIZ1 in promoting tumourigenesis in breast cancer (Den 

Hollander et al., 2006). CIZ1 is also able to interact with oestrogen receptor (ER) coactivator 

Dynein Light Chain 1 (DLC1) and translocate to the nucleus, ultimately sequestering p21 and 

subsequently leading to an increase in CDK2 activity and progression of the cell cycle (Den 

Hollander and Kumar, 2006). 

 

CIZ1 has an oncogenic role in hepatocellular carcinoma (HCC) as CIZ1 is able to activate (Yes-

associated protein/ Transcriptional co-activator with PDZ-binding motif (YAP/TAZ) signalling.  

YAP and TAZ function as transcriptional regulators, this requires interaction with TEA domain 

family member (TEAD) transcription factors (Lin et al., 2017). YAP/TAZ-TEAD signalling 

regulates the expression of cyclin E and connective tissue growth factor (CTGF), therefore 
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activation of YAP/TAZ signalling by CIZ1 enhances growth and migration which contributes to 

tumourigenesis (Lei et al., 2016; Wu et al., 2016). The siRNA-mediated depletion of CIZ1 can 

reduce the expression of genes that are regulated by YAP (Lei et al., 2016). Furthermore, the 

knockdown of CIZ1 in HepG2 and Huh-7 hepatocellular carcinoma cell lines inhibited growth 

and migration (Wu et al., 2016). 

 

CIZ1 levels are found to be higher in gall bladder cancer tissue samples in comparison to 

adjacent healthy tissue (Zhang et al., 2015). The overexpression of CIZ1 in human gall bladder 

cancer cell lines has been shown to promote tumourigenesis. The role of CIZ1 in promoting 

tumourigenesis in gall bladder cancer is potentially mediated through the ability of CIZ1 to 

activate beta-catenin/ T- cell factor (TCF) signalling in gall bladder cancer cells, this pathway 

can lead to the transcription of oncogenes including cyclin D (Zhang et al., 2015). Together 

the findings demonstrate an oncogenic role of CIZ1 when overexpressed. 

 

An understanding of the signalling networks that regulate CIZ1 protein levels may provide 

avenues for targeting CIZ1 in cancer. The activity of CIZ1 during the initiation of DNA 

replication is regulated by CDK-mediated phosphorylation (Copeland et al 2010; Copeland et 

al., 2015). Preliminary work suggests a role of CDK-mediated phosphorylation and UPS-

mediated degradation in the regulation of CIZ1 protein levels (Pauzaite, 2019). CDK and UPS 

activity regulates cell cycle progression, and the dysregulation of their activity can contribute 

to tumourigenesis (Bochis et al., 2015; Peyressatre et al., 2015).  

 

1.5. The role of cyclin-CDKs in the cell cycle 
 
The cell cycle consists of four ordered phases including growth phase 1 (G1), DNA replication 

(S), growth phase 2 (G2) and mitosis (M) (Bajar et al., 2016; Vermeulen et al., 2003). In G1 the 

cell prepares for DNA replication and the length of G1 can vary dependent on external 

conditions, if the external conditions are unfavourable the cell can enter a non-replicative 

quiescent state (G0) until extracellular conditions are favourable (Grant and Cook, 2017). In S 

phase the genome is replicated and in G2 the DNA is checked to ensure faithful replication. 

In M phase the chromosomes are segregated equally between two daughter cells (Vermeulen 

et al., 2003).  



 8 

 

Cyclin-dependent kinases (CDKs) are considered ‘master regulators’ of the cell cycle and there 

are over 20 members of the CDK family in the mammalian genome. CDKs are serine/ 

threonine kinases and are inactive in the monomeric form. Interaction of CDKs with cognate 

regulatory subunits, cyclins, activates the kinase activity of CDKs and subsequent 

phosphorylation of proteins involved in cell cycle progression (Ding et al., 2020). The 

mammalian genome contains approximately 30 cyclins, but only cyclins A, B, D and E have 

major roles in coordinating the cell cycle (Malumbres, 2014). Cyclin binding to its cognate CDK 

binding partner induces a physical conformational change. For CDK1 and 2 this facilitates 

phosphorylation by CDK-Activating Kinase (CAK) on threonine (T160) that greatly enhances 

its catalytic activity (Li et al., 2015). In addition, CDK is also controlled via phosphorylation of 

residues threonine (Thr14) and tyrosine (Tyr15) that inhibit its catalytic activity (Baldwin, 

2009). Phosphorylation at these sites are removed by the cell division cycle 25 (Cdc25) family 

of protein phosphatases (Boutros et al., 2006). As the activity of CDKs must be precisely 

regulated there is also inhibitor proteins that associate with specific cyclin-CDK complexes. 

These proteins are collectively called CDK inhibitors (CDKIs) and include inhibitors of CDK4 

(INK4) proteins (p16INK4a, p15INK4b, p18INK4c, p19INK4d) that inhibit both CDK4 and CDK6 and 

CDK-interacting protein/ Kinase inhibitory protein (Cip/Kip) (p21CIP1, p27INK4, p57KIP2) which 

inhibit cyclin-CDK1/2 complexes (Quereda et al., 2015).  

 
The activity of CDKs is controlled by the temporally regulated transcription and degradation 

of cyclins. This leads to oscillation of cyclin-CDK activities which is important in maintaining 

the unidirectionality of the cell cycle (Benanti, 2012). In early G1 cyclin D is expressed, this is 

followed by cyclin E during mid-G1, cyclin A during late G1 and cyclin B at late G2 (Figure 1.2) 

(Gérard and Goldbeter, 2009; Malumbres, 2014; Peyressatre et al., 2015). The sequential 

activation of cyclin-CDK complexes promotes a smooth increase in kinase activity throughout 

the cell cycle that is represented by the quantitative model of CDK activity that defines CDK 

thresholds required for G1/S transition and G2/M transition (Stern and Nurse, 1996). 
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Figure 1.2. The sequential expression of cyclins. The oscillation of cyclin-CDK activities drives 
progression through the cell cycle phases. Cyclin D activates CDK4/6 (early G1), cyclin E 
activates CDK2 (mid G1), cyclin A activates CDK2 (late G1) and CDK1 (G2). Cyclin B activates 
CDK1 (late G2).  Gérard and Goldbeter, (2009). 

 

In early G1, cyclin D is expressed. Cyclin D1-3 bind to either CDK4 or CDK6, the activation of 

cyclin D-CDK4/6 leads to the mono-phosphorylation of retinoblastoma (Rb) (Narasimha et al., 

2014). Rb phosphorylation and release of E2F transcription factor leads to transcription of 

cyclins E and A that phosphorylate Rb. Hyperphosphorylation of Rb allows cells through 

restriction point (G1 checkpoint) (Moser et al., 2018), the point in which cells commit to the 

cell cycle and cell division becomes independent from mitogens (Blagosklonny and Pardee, 

2002; Moser et al., 2018). Cyclin E-CDK2 promotes the initiation of DNA replication and cyclin 

A with CDK2 or CDK1 continues S phase and entry into mitosis (De Boer et al., 2008). Cyclin 

B-CDK1 drives mitosis including spindle assembly, chromosome condensation and breakdown 

of the nuclear envelope (Gavet and Pines,2010; Jackman et al., 2020).  

 

Recent data raised the idea that cells possess more than one restriction point (Spencer et al., 

2013; Moser et al., 2018). The first restriction window (R1) at the end of the cell cycle can 

regulate the fate of cells after the completion of mitosis based on mitogen signals and p21 

levels. Cells with low p21 enter the next cell cycle in G1 with intermediate CDK2 activity 

(CDK2inc cells) and hyperphosphorylated Rb, these cells are committed to the cell cycle. Cells 

with high p21 levels enter a CDK2 low (CDK2low) state after mitosis and enter a quiescence-
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like state. As CDK2low cells have hypophosphorylated Rb they are dependent on mitogen 

signals. CDK2low cells can commit to the cell cycle by progression through restriction window 

two (R2). The ability of cells to enter a CDK2 low state enables cells to respond to metabolic 

stress and DNA replication/ mitosis errors (Spencer et al., 2013). The findings demonstrate 

that cells can be born into G1 with residual CDK2 activity or a G0-like state with no residual 

CDK2 activity based on p21 levels at the end of the previous cell cycle (Figure 1.3).  

 

Figure 1.3. A model for cell cycle commitment based on two restriction windows. (A) 
Restriction window 1 (R1) regulates CDK2inc and CDK2low fates determined by low and high 
p21 levels, respectively. CDK2inc cells can commit to the cell cycle. CDK2low cells enter a 
quiescent-like state that can be followed by commitment to the cell cycle based on 
progressing through restriction window 2 (R2). CDK2 activity can increase once R2 has been 
passed (Spencer et al., 2013). (B) The quiescence-proliferation decision. The location of R1 
and R2 are shown, R1 regulates CDK2low and CDK2inc fates. CDK2low cells that pass R2 can 
commit to the cell cycle. Figure adapted from Spencer et al., (2013). 
 

1.5.1. The role of CDK activity in replication licensing and initiation of DNA replication 
 
CDKs have an important role in the initiation of DNA replication. DNA replication is highly 

orchestrated to ensure DNA replication occurs once per cell cycle (Parker et al., 2017). The 

stages of DNA replication can be divided into origin licensing, helicase loading/ activation and 

replisome formation (Figure 1.4) (Tanaka and Araki, 2013; Symeonidou et al., 2012). 

 

Origin licensing begins in G2-M with the origin recognition complex (ORC) binding to putative 

origins of replication (Bell and Stillman, 1992; Wang et al., 2019). ORC is made up of six sub-

units (ORC1-6) and initiates the formation of the pre-replication complex (pre-RC) (Lee and 
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Bell, 1997; Sun et al., 2012). ORC is bound by cell division cycle 6 (Cdc6) and this is followed 

by the recruitment of chromatin licensing and DNA replication factor 1 (Cdt1) and 

minichromosome maintenance (Mcm2-7) protein complex (Fragkos et al., 2015; Randell et 

al., 2006). This is followed by the recruitment of a second Mcm2-7 hexamer which leads to 

the formation an Mcm2-7 double hexamer which encircles double-stranded DNA. Cdc6, ORC 

and Cdt1 are released from the double hexamer (Evrin et al., 2009). These events can occur 

only in early G1 phase, when CDK activity is low, and is inhibited post-restriction point in mid 

to late G1 phase due to the increase in CDK activity (Takeda and Dutta, 2005). 

 

The binding of pre-initiation complex (pre-IC) proteins leads to the activation of Mcm2-7 

(Evrin et al., 2009). Pre-IC formation requires the activity of Dbf-4 dependent kinase (DDK) 

and cyclin E-CDK2 which are kinases active at the G1/S transition. These kinases are required 

for the loading of cell division cycle 45 (Cdc45) and Go Ichi Ni San (GINS) to form the Cdc45-

Mcm2-7-GINS (CMG) complex which has robust helicase activity (Riera et al., 2017). 

Formation of the CMG complex results in the separation of the two Mcm2-7 hexamers and 

subsequent activation of helicase activity (Sun et al., 2014). Replisome formation requires the 

CDK-mediated recruitment of processivity factor proliferating cell nuclear antigen (PCNA) and 

DNA polymerases (Fragkos et al., 2015). DNA polymerase a has a role in the initiation of DNA 

replication, polymerase e and polymerase d are involved in leading and lagging strand 

synthesis (Zhou et al., 2019).  

 

CIZ1 has an important role in the initiation of DNA replication. The C-terminal domain of CIZ1 

interacts with the nuclear matrix and CIZ1 directly interacts with the pre-RC protein Cdc6, this 

facilitates contact between chromatin and the nuclear matrix (Copeland et al., 2010; 

Copeland et al., 2015). CIZ1 directly interacts with cyclin E and cyclin A in a two-step process 

and facilitates the localisation of cyclin A-CDK2 to chromatin for the efficient initiation of DNA 

replication. In mid-G1, CIZ1 interacts with cyclin E and this leads to the formation of the pre-

RC. As cyclin A expression increases during late G1, cyclin E is replaced by cyclin A leading to 
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subsequent phosphorylation of proteins that are involved in the process of DNA replication 

(Copeland et al., 2010).  

 

Figure 1.4. Initiation of DNA replication. Pre-replication complex (pre-RC) formation requires 
the recruitment of Cdc6, Cdt1 and MCM2-7 to ORC. Recruitment of a second Mcm2-7 
hexamer leads to formation of a Mcm2-7 double hexamer (Evrin et al., 2009; Fragkos et al., 
2015). CIZ1 associates with the nuclear matrix (NM) and directly with Cdc6 to facilitate 
contact between the nuclear matrix and chromatin (Copeland et al., 2015). Pre-initiation 
complex (pre-IC) formation requires both Db4-dependent kinase (DDK) and cyclin E-CDK2 
activity for the recruitment of Cdc45-Mcm2-7-GINS (CMG) complex (Heller et al., 2011; 
Tanaka et al., 2011). CIZ1 facilitates localisation of cyclin A-CDK2 for efficient initiation of DNA 
replication (Copeland et al., 2010). Replisome assembly includes the recruitment of DNA 
polymerases and PCNA (Fragkos et al., 2015). Abbreviations: Cdc6: cell division cycle 6; Cdc45: 
Cell Division Cycle 45; Cdt1: chromatin licensing and DNA replication factor 1; GINS: Gp Ichi 
Ni San; Mcm2-7: minichromosome maintenance 2-7; ORC: origin recognition complex; PCNA: 
proliferating cell nuclear antigen. Figure adapted from Pauzaite et al., (2016).  
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1.5.2. The role of CDK activity in the prevention of re-replication 
 
The quantitative model of CDK activity was developed by Stern and Nurse, (1996) and 

demonstrates that different levels of kinase activity co-ordinates progression through cell 

cycle stages. Rising CDK activity is fundamental for the regulation of DNA replication and 

separates origin licensing from origin firing, this ensures that replication occurs once per cell 

cycle. The re-replication of DNA can result in genome instability which is a hallmark of cancer 

(Hanahan and Weinberg, 2011). 

 

Replication licensing is restricted to late mitosis and G1 phase of the cell cycle when CDK 

activity is low and is inhibited mid- to late-G1 when CDK activity rises. Licensing factors are 

regulated by CDK-mediated phosphorylation to prevent re-replication (Takeda and Dutta, 

2005) (Figure 1.5). During S phase, cyclin A-CDK2 mediated phosphorylation of Cdc6, Orc1 

and Cdt1 prevents re-replication of DNA as phosphorylated Cdc6 localises to the cytoplasm 

and phosphorylated Orc1 and Cdt1 are polyubiquitinated and subsequently degraded at the 

proteasome (Delmolino et al., 2001; DePamphilis et al., 2012; Liu et al., 2004; Méndez et al., 

2002). In addition, Cdt1 binds PCNA through PCNA-Interacting Peptide (PIP) leading to the 

polyubiquitylation of Cdt1 by CRL4Cdt2 and proteasomal degradation (Abbas and Dutta, 2011). 

During late S and G2 phase, Cdt1 activity is inhibited by geminin which prevents Cdt1-MCM 

association (Yanagi et al., 2002). Together, CDK-mediated phosphorylation and UPS-mediated 

degradation regulate DNA licensing factors to prevent re-replication of DNA.  
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Figure 1.5. Mechanisms involved in the prevention of DNA re-replication. During S phase 
the re-replication of DNA is prevented by a number of different mechanisms. Cyclin A-CDK2 
mediated phosphorylation of Cdc6 leads to cytoplasmic localisation. Cyclin A-CDK2 mediated 
phosphorylation of Orc1 and Cdt1 results in subsequent ubiquitination by cullin-RING 
ubiquitin ligase, CRL1Skp2, and proteasomal degradation at the 26S proteasome.  
 

The role of CIZ1 in the initiation of DNA replication is mediated by CDK activity. At low kinase 

levels CIZ1 interacts with cyclin A-CDK2 to promote the efficient initiation of DNA replication 

and at high kinase levels CIZ1 is hyperphosphorylated and unable to interact with cyclin A-

CDK2, this prevents the localisation of cyclin A-CDK2 to chromatin and prevents re-replication 

(Copeland et al., 2010; Copeland et al., 2015). CIZ1 protein levels may be regulated by CDK-

mediated phosphorylation and UPS-mediated degradation to keep CIZ1 levels under tight 

regulation (Pauzaite, 2019). 

 

1.6. The ubiquitin proteasome system 
 
The ubiquitin proteosome system (UPS) is a protein degradation system and plays an 

important role in regulating the cell cycle. The UPS degrades proteins that are misfolded, 



 15 

damaged or no longer needed (Thibaudeau and Smith, 2019). For example, cyclins are 

degraded when no longer needed and this is necessary to ensure that there is oscillation of 

cyclin-CDK activity (Benanti, 2012). Ubiquitin (Ub) is a 8.5KDa protein and is covalently linked 

to lysine residues of target proteins and the polyubiquitylation of proteins leads to 

proteasomal degradation (Deng et al., 2020; Xu and Jaffrey, 2013). In addition to UPS-

mediated degradation, ubiquitination of proteins can also affect their localisation and activity 

depending on the ubiquitin linkage formed (Xu and Jaffrey, 2011). 

 

The attachment of ubiquitin to target proteins involves activities of E1 ubiquitin-activating 

enzymes, E2 ubiquitin-conjugating enzymes and E3 ubiquitin ligases (Figure 1.6) (Stewart et 

al., 2016). The E1 enzyme utilises its cysteine residue to form a high energy thioester bond 

with C-terminal glycine-76 of ubiquitin, this is an ATP-dependent reaction (Streich and Lima, 

2014). The next step of the process involves the transfer of ubiquitin from the E1 enzyme 

directly to the E2, this is a transthiolation reaction (Stewart et al., 2016). The next step 

involves the covalent attachment of ubiquitin to the target protein through an isopeptide 

bond catalysed by E3 ubiquitin ligase which brings the E2 enzyme and substrate together for 

ubiquitin transfer from E2 to substrate (Ullah et al., 2018). Addition of further ubiquitin’s can 

lead to the formation of ubiquitin chains, ubiquitin is linked to one of seven lysine residues, 

K6, K11, K27, K29, K33, K48 and K63 of another ubiquitin molecule (Morimoto and Shirakawa, 

2016). Substrates can be monoubiquitinated or polyubiquitinated, this determines substrate 

fate; monoubiquitylation can regulate subcellular localisation of proteins and K48-linked 

polyubiquitylation targets proteins for proteasomal degradation (Grice and Nathan, 2016). 
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Figure 1.6. The role of ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme (E2) 
and ubiquitin ligases (E3) in the ubiquitination of substrates. E1 forms a thioester bond with 
ubiquitin then ubiquitin is transferred to E2 forming a thioester bond and ubiquitin is 
transferred to the substrate forming an isopeptide bond catalysed by E3. Ubiquitin transfer 
to the substrate can be repeated to form a polyubiquitin chain (Stewart et al., 2016).  
 

Finally, the E3 ligase determines substrate specificity. In humans, there are approximately 

600-700 E3 ligases and they are categorised into three groups (Figure 1.7) including RING 

(really interesting new gene), HECT (homologous to the E6-AP carboxyl terminus) and RBR 

(RING between RING fingers) E3 ligases (Liu et al., 2017; Rubenstein and Hochstrasser, 2010).  

 

RING E3 ligases are the largest group. RING finger domain is a Zn2+ coordinating domain that 

has a role in facilitating direct ubiquitin transfer from the E2 enzyme to the target protein 

(Metzger et al., 2014). The multi-subunit E3 ubiquitin ligase Skp, Cullin, F box- containing 

(SCF), also known as Cullin-RING ligase (CRL), promotes degradation of approximately 20% of 

UPS-degraded proteins (Soucy et al., 2009). In SCF complexes, substrate specificity is 

determined by the F-box protein (Skaar et al., 2013; Skaar et al., 2014). F-box proteins are 

categorised based on protein interaction domains into F-box and WD40 domain (FBXW), F-

box and Leu-rich repeat (FBXL) and F-box only (FBXO) which have a conserved homology not 

present in many F-box proteins (Jin et al., 2004). SCF E3 ligase substrates are involved in cell 

cycle regulation and DNA replication (Abbas and Dutta, 2017). The multi subunit E3 ligase 

APC/C (anaphase promoting complex or cyclosome) is considered to be the most 
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sophisticated RING E3 ligase and has a role in cell cycle regulation by engaging with Cdc20 

(cell division cycle 20) or Cdh1 (CDC20-like protein 1) (Alfiere et al., 2017). 

 

HECT E3 ligases are the second largest group of E3s. The catalytic HECT domain contains an 

N-terminal lobe and a C-terminal lobe which are connected together by a flexible hinge 

region. The mechanism of action for HECT E3s involves a two-step process in which there is 

the transfer of ubiquitin to the catalytically active cysteine of the E3 ligase followed by the 

transfer of ubiquitin to the substrate (Rieser et al., 2013). HECT E3s are involved in cell growth 

and proliferation, apoptosis, DNA damage and the immune response as well as regulation of 

Notch, transforming growth factor-b (TGF-b) and Wnt signalling (Scheffner and Kumar, 2014). 

RBR E3 ligases consist of RING1, in-between RING and RING2. RBRs are characterised by a 

RING-HECT hybrid mechanism (Cotton and Lechtenberg, 2020) and have a role in cell cycle 

regulation (Deng et al., 2020). 

 

 

 

 

 

 

 

Figure 1.7. The different classes of E3 ligases include RING (really interesting new gene), 
HECT (homologous to the E6-AP carboxyl terminus) and RBR (RING-between-RING) E3s. 
HECT E3 mechanism is a two-step process that first involves the transfer of ubiquitin to a 
cysteine residue of the E3 ligase and the formation of a thioester bond, the second step 
involves the transfer of ubiquitin to the substrate. RING E3 mechanism is a direct process 
which involves the transfer of ubiquitin to the substrate by providing close proximity between 
E2 and target substrate. RBR E3 mechanism involves a two-step process, first is the transfer 
of ubiquitin to the RING2 domain, second is the transfer of ubiquitin to the substrate (Rieser 
et al., 2013). Abbreviations: IBR: in-between RING; Sub: substrate; Ub: ubiquitin. Image 
adapted from Deng et al., (2020). 
 
 
Substrates that are polyubiquitinated are marked for degradation by the proteasome. The 

26S proteasome is composed of a 20S proteolytic core particle capped by a 19S regulatory 

subunit (Bard et al., 2018; Tanaka, 2009). Proteins targeted for degradation are recognised 

by the 19S regulatory subunit then subsequently translocated to the 20S proteolytic core 
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particle in which the protein is degraded (Tanaka, 2009). The 19S subunit can recognise 

proteins through Ub receptors such as Rpn10 and Rpn13 (Grice and Nathan, 2016; Schrader 

et al., 2009). The 19S subunit has a role in deubiquitylation of the substrate by 

deubiquitylating enzymes (DUBs) including Usp14, Uch37 or Rpn11 (De Poot et al., 2017). The 

20S proteolytic core contains the peptidases that degrade proteins to a mixture of peptides 

which are further hydrolysed to amino acids (Tanaka, 2009).   

 

1.7. The role of CDKs and the UPS in cell cycle regulation  
 
The activity of the cyclin-CDK complexes and cell cycle regulatory ubiquitin ligases are 

intricately linked. The temporal control of the cell cycle requires both CDK and UPS activity. 

The oscillation of cyclin-CDK activities which drives unidirectionality of the cell cycle requires 

UPS-mediated degradation of cyclins when no longer needed (Dang et al., 2020). SCF and 

APC/C are multi-subunit cullin RING E3s and are involved in the regulation of cell cycle events 

(Bochis et al., 2015) (Figure 1.8). SCF and APC/C activity oscillate during the cell cycle with SCF 

being active from late G1 to early mitosis and APC/C being active mid-mitosis to the end of 

G1 phase (Bassermann et al., 2014; Kernan et al., 2018).  

 

In early G1 phase, APC/CCdh1 targets mitotic proteins including cyclin A and cyclin B for 

degradation (Li and Zhang, 2009). The APC/CCdh1-mediated Skp2 degradation stabilises the 

activity of p21 and p27, this maintains low levels of CDK activity (Qiao et al., 2010). In late G1, 

APC/CCdh1 activity is inactivated, one way this is achieved is through autoubiquitylation 

mediated by Cdh1 (Choudhury et al., 2016). The increase in activity of S-cyclin/CDK2 results 

in the phosphorylation of Cdh1 which prevents interaction with APC/C, in S phase SCF 

mediates the degradation of Cdh1 (Bassermann et al., 2014). APC/CCdh1 is also inhibited by 

early mitotic inhibitor 1 (Emi1) which is an E2F target gene (Cappell et al., 2018).  The increase 

in CDK activity during late G1 occurs due to the inactivation of APC/CCdh1 and the accumulation 

of Skp2 (Nakayama and Nakayama, 2005). SCFSkp2 mediates the proteasomal degradation of 

p21 and p27 which leads to an increase in cyclin E-CDK2 activity and cell cycle progression 

through S phase (Lu and Hunter, 2010). Cyclin E-CDK2 and cyclin A-CDK2 are involved in S 

phase progression and cyclin A-CDK2 phosphorylates Cdh1 which contributes to the inhibition 

of APC/CCdh1 (Bassermann et al., 2014). The CDK2-mediated phosphorylation of cyclin E leads 
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to subsequent degradation by SCFFBW7, this provides a negative feedback mechanism for the 

regulation of cyclin E levels (Koepp et al., 2001).  

 

During early G2 of the cell cycle, SCFSkp2 mediates the degradation of CDK inhibitor proteins 

p21 and p27 in order to maintain the activity of cyclin A-CDK1/CDK2 (Bassermann et al., 2014). 

In late G2, SCFSkp2 mediates p21 and p27 degradation and CDK1 is activated by the SCFB-TrCP 

mediated degradation of the CDK1 inhibitor, Wee1 (Chow and Poon, 2012). For Wee1 to be 

targeted by SCFB-TrCP it needs to be phosphorylated by cyclin B-CDK1 (Watanabe et al., 2004) 

creating a positive feedback mechanism for the activation of CDK1 (Bassermann et al., 2014). 

It is important for cyclin B-CDK1 to be strictly regulated as this kinase complex is responsible 

for timely mitotic entry (Gavet and Pines, 2010). 

 

Figure 1.8. The cell cycle is driven by an interplay between CDK and UPS activities. In early 
G1, CDK activity is kept low by APC/CCdh1 mediated cyclin A and cyclin B degradation (Li and 
Zhang, 2009) and also APC/CCdh1-mediated degradation of Skp2, this prevents degradation of 
CDK inhibitor proteins p21 and p27 (Qiao et al., 2010). During G1/S, APC/CCdh1 is inhibited by 
both CDK-mediated phosphorylation and the inhibitor Emi1 (Bassermann et al., 2014). This 
dual inhibition of APC/CCdh1 allows accumulation of Skp2, activating SCFSkp2 -mediated 
degradation of CDK inhibitors p21 and p27 (Lu and Hunter, 2010). This results in cyclin E-CDK2 
activation and progression into S phase of the cell cycle where cyclin A levels increase. During 
early G2, APC/CCdh1 continues to be inactivated and there is SCFSkp2-dependent degradation 
of CDK inhibitors p21 and p27. At G2/M, SCFSkp2-dependent degradation of p21 and p27 is 
maintained (Bassermann et al., 2014) and SCFBTrCP-mediated degradation of the CDK1 
inhibitor Wee1 leads to activation of cyclin B-CDK1 (Chow and Poon, 2012) and entry into 
mitosis. Figure adapted from Bassermann et al., (2014). 
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The progression of cells through mitosis requires the inhibition of APC/C to be removed 

(Bassermann et al., 2014). APC/C is inhibited by Emi1 and therefore Emi1 must be degraded. 

This process involves the CDK-mediated phosphorylation of Emi1 by cyclin B-CDK1 which 

enables SCFBTrCP to target Emi1 for proteasomal degradation (Bassermann et al., 2014; 

Vordermaier, 2004). The Spindle Assembly Checkpoint (SAC) inhibits the activation of APC/C, 

this is in place to prevent progression to anaphase. Until SAC has been fulfilled, mitotic 

proteins such as RubR1, Rub3 and Mad2 are able to bind to Cdc20 and prevent the activation 

of APC/CCdc20 (Kim et al., 2017; Lara-Gonzalez et al., 2012). In addition, Cdc20 is inhibited by 

CDK1-mediated phosphorylation (Hein et al., 2021). A small amount of APC/CCdc20 is still active 

during the activation of SAC, this is important as APC/CCdc20 is able to maintain cyclin B-CDK1 

activity by ubiquitylating p21 (Amador et al., 2007). After the attachments of spindles to 

kinetochores (fulfilment of SAC), SAC is inactivated and the inhibition of APC/CCdc20 is removed 

and APC/CCdc20 initiates anaphase. Finally, APC/C targets cyclins A and B for degradation to 

reset low kinase activity (Bassermann et al., 2014). Cell cycle regulation is dependent upon a 

tight interplay between CDK activity and UPS activity, therefore dysregulation of CDK and UPS 

activity can lead to cell cycle deregulation (Bochis et al., 2015; Peyressatre et al., 2015). 

 

1.8. Therapeutic targeting of CDKs and the UPS in cancer 
 
Dysregulation of CDKs can occur due to different reasons such as gene amplification, protein 

overexpression, alternative splicing or problems with inactivation through Cip/Kip inhibitors 

(Peyressatre et al., 2015). Aberrant activity of CDKs contributes to the increased proliferation 

of cancer cells (Asghar et al., 2015; Canavese et al., 2012). Examples of the overexpression of 

CDKs in cancer include the overexpression of CDK1 associated with B lymphoma and 

advanced melanoma and the overexpression of CDK2 associated with breast cancer (Zhao et 

al., 2009; Weroha et al., 2010). Cyclin E has been found to be overexpressed in breast, lung, 

cervical, endometrium and colon cancer. Deregulated proteolysis of cyclin E can occur 

through loss of function mutations of SCFFbw7, this ubiquitin ligase targets cyclin E for 

degradation (Hwang and Clurman, 2005). The overexpression of cyclin D has been linked to 

the progression of breast cancer, possibly due to deregulation of Fbx4 activity, an F-box 

protein that mediates cyclin D degradation (Alao, 2007).  
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First generation CDK inhibitors were relatively non-specific, displaying limited selectivity 

among CDKs, therefore had limitations with poor efficacy and toxicity (Asghar et al., 2015). 

More selective inhibitors have been developed such as Palbociclib (PD 0332991; Pfizer). 

Palbociclib is an FDA approved highly selective CDK4/6 inhibitor used in combination with an 

aromatase inhibitor for the first-line treatment of advanced post-menopausal oestrogen 

receptor positive (ER+), human epidermal growth factor receptor negative (HER2-) breast 

cancer (Beaver et al., 2015). More recently, the CDK4/6 inhibitors ribociclib (Kisqali) and 

abemaciclib (Verzenio) received FDA approval for first line therapy of hormone receptor 

positive (HR+)/ HER2- advanced breast cancer when used in combination with an aromatase 

inhibitor (Piezzo et al., 2020). The increased selectivity of CDK inhibitors allows CDKs to be a 

viable drug target.  

 

E3 ubiquitin ligase activity is tightly regulated, this is achieved in the form of post-translational 

modifications such as phosphorylation and ubiquitylation or through auto-inhibitory 

mechanisms such as dimerisation (Balaji and Hoppe, 2020). The dysregulation of the UPS has 

been associated with tumourigenesis. The oncogene Skp2 promotes the degradation of CDK 

inhibitors p21 and p27, the overexpression of Skp2 is associated with a decrease in p27 and 

poor prognosis in cancers such as colon cancer and breast cancer (Fujita et al., 2008; Zhang 

et al., 2016). So far, only the proteasome has been successfully targeted as a cancer 

therapeutic targeted towards the UPS using Bortezomib (Velcade, Millennium 

Pharmacaeuticals). Bortezomib can inhibit proliferation in tumour cell lines such as multiple 

myeloma (MM) (Chari et al., 2010; Chen et al., 2011).  

 

Dysregulation of CDK and UPS activity can contribute to tumourigenesis. Preliminary work has 

suggested CDKs and the UPS may regulate CIZ1 levels (Pauzaite, 2019) and therefore 

dysregulation of their activity can lead to increased CIZ1 levels and tumourigenesis. It is 

therefore important to understand how regulators of CIZ1 can be targeted/ manipulated as a 

strategy to reduce CIZ1 levels in cancer. 
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1.9. Regulation of CIZ1 by CDKs and the UPS 
 
CIZ1 has a role in promoting the initiation of DNA replication and its activity is regulated by 

CDK-mediated phosphorylation (Copeland et al., 2010; Copeland et al., 2015). Pauzaite, 

(2019) investigated the regulation of CIZ1 protein levels and found CIZ1 levels to accumulate 

during G1 and increase into S in mouse embryonic fibroblasts (3T3) cells. CIZ1 accumulation 

was found to correlate with cyclin A expression and the phosphorylation of CIZ1 at T293 as 

well as cyclin E expression and the phosphorylation of CIZ1 at S331 suggesting CDK-mediated 

phosphorylation could promote CIZ1 accumulation from G1 to S. The study also found that 

small-molecule CDK inhibitors reduced CIZ1 levels by facilitating UPS-mediated degradation 

of CIZ1.  

 

The findings made by Pauzaite, (2019) allowed a working model for CIZ1 regulation to be 

proposed (Figure 1.9). Under normal conditions, CIZ1 protein levels are regulated by DDK/ 

CDK mediated phosphorylation. The phosphorylation of CIZ1 causes it to be stabilised and 

thereby allows CIZ1 to accumulate in G1 phase of the cell cycle, this is opposed by UPS 

mediated degradation providing tight regulation of CIZ1 levels throughout the cell cycle. This 

model suggests that dysregulation of CIZ1 can occur through aberrant CDK activity leading to 

hyperphosphorylation of CIZ1 and overaccumulation which can drive forward 

tumourigenesis. Conversely, loss of function of the regulatory E3(s) that promote the normal 

degradation of CIZ1 protein can contribute to the increase of CIZ1 levels and tumourigenesis. 

This model suggests that inhibition of CDK and DDK could provide an avenue for reducing CIZ1 

levels by shifting the equilibrium of CIZ1 regulation towards UPS-mediated degradation, this 

reduction would be dependent on a functional UPS (Pauzaite, 2019).  

 

 

 

 

 

 



 23 

Figure 1.9. The proposed model for the regulation of CIZ1 levels and CIZ1 overexpression in 
cancer. (A) CIZ1 levels are normally regulated by CDK2 and DDK mediated phosphorylation 
which leads to CIZ1 stability and accumulation as the phosphorylation is protective against 
UPS-mediated degradation. Opposing regulation is by the UPS which can degrade CIZ1 at 
specific points in the cell cycle to keep CIZ1 levels under tight regulation. (B) Aberrant CDK 
and DDK activity can lead to the hyperphosphorylation of CIZ1 and CIZ1 overexpression which 
can lead to cancer by driving the proliferation of cancer cells. (C) Loss of function of the UPS 
can also lead to CIZ1 overexpression as CIZ1 can no longer be degraded, this can also 
contribute to tumourigenesis. (D) CDK2 and DDK inhibitors shift the equilibrium of CIZ1 
regulation towards UPS mediated degradation resulting in a reduction in CIZ1 protein levels. 
Figure adapted from Pauzaite, (2019). 
 
Pauzaite, (2019) then identified three putative E3 ligases that potentially target CIZ1 through 

in vitro ubiquitylation assays using HeLa whole-cell extract as a source of E3 ligase. HeLa 

whole-cell extract was subject to sequential chromatography steps and the activity of 

fractions was determined by in vitro ubiquitylation assays and western blot analysis to identify 

polyubiquitylation of CIZ1. Liquid chromatography-mass spectrometry (LC-MS) identified 

three E3 ligases that potentially polyubiquitylate CIZ1 including F-box only protein 38 

(FBXO38), E3-independent E2 ubiquitin-conjugation enzyme (UBE20) and Ubiquitin-protein 

ligase E3 component n- recognin 5 (UBR5). 

 
FBXO38 is the substrate recognition component of an SCF E3 ligase and is 134KDa. FBXO38 is 

widely expressed in different tissues and shuttles between the nucleus and cytoplasm 

(Georges et al., 2019; Sumner et al., 2013). FBXO38 is a coactivator of Krüppel-like factor 7 

(KLF7), a transcription factor expressed in the nervous system with a role in neuronal 

projection (Sumner et al., 2013). FBXO38 also interacts with programmed cell death protein 
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1 (PD-1) and mediates its polyubiquitylation (Meng et al., 2018; Serman and Gack 2019), this 

demonstrates FBXO38 has a role in regulating T-cell mediated immunity. As F-box proteins 

typically target phosphorylated proteins, further investigation is required to determine the 

interplay between CIZ1 phosphorylation and CIZ1 stability and degradation.  

 

UBE2O is an E3-independent E2 and is 141KDa. UBE2O is widely expressed but the highest 

levels are found in the brain, heart and lung and UBE2O is predominantly cytoplasmic (Ullah 

et al., 2018). UBE2O targets include 5’-AMP-activated protein kinase catalytic subunit a2 

(AMPKa2), mixed-lineage leukaemia (MLL) protein and SMAD family member 6 (SMAD6) 

(Hormaechea-Agulla et al., 2018). UBE2O mediates monoubiquitination (involved in protein 

signalling), multi-ubiquitination (involved in protein localisation) and polyubiquitination 

(involved in proteasomal degradation) (Ullah et al., 2018). UBE2O amplification, mutations 

and deletions have all been associated with gastric and lung cancers (Ullah et al., 2018) 

making it unclear on an oncogenic or tumour suppressive role of UBE2O.  

 
UBR5 is a  HECT E3 ligase and is over 300KDa. UBR5 has widespread tissue expression and has 

predominantly nuclear localisation (Shearer et al., 2015). UBR5 domain structure is outlined 

in Figure 1.10 and includes two nuclear localisation sequences (Shearer et al., 2015). As CIZ1 

is a nuclear protein (Coverley et al., 2005), UBR5 could target CIZ1 in the nucleus. 

Figure 1.10. The structure of UBR5. The HECT domain contains the catalytic cysteine residue, 
the other domains include the homologous to the C-terminal region of Poly-Adenylation 
Binding Protein (PABC/MLLE) domain, nuclear localisation sequence (NLS), Ubiquitin 
Recognition Box (UBR) and Ubiquitin activation (UBA). The post-translational modifications of 
UBR5 are also shown. Shearer et al., (2015). 

 
UBR5 interacts with a variety of proteins with roles in a range of processes including the cell 

cycle such as E2F1 (Cipolla et al., 2019; Munoz et al., 2007) and Katanin p60 (ATPase-

containing) subunit A1 (KATNA1) (Shearer et al., 2015). Amplification of UBR5 has been 
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associated with breast and ovarian cancer. UBR5 has been shown to be coamplified with MYC 

in MYC-driven cancers; MYC overexpression can sensitise cells to apoptosis and UBR5 has 

been shown to suppress MYC-induced apoptosis in breast cancers cells (Qiao et al., 2020). 

UBR5 is overexpressed in serous ovarian carcinoma and mediates therapeutic resistance 

(O’Brien et al., 2008). Recently, UBR5 has been associated with lung adenocarcinoma, shRNA 

targeted towards UBR5 reduces tumour volume in nude mice (Saurabh et al., 2020). Loss of 

function mutations of UBR5 have been linked to tumourigenesis. Nonsynonymous mutations 

of UBR5 are found in 18% of mantle cell lymphoma (MCL) cases, frameshift mutations are 

predicted to affect the conserved cysteine residue located in the HECT domain and thereby 

disrupt the catalytic activity of UBR5 (Meissner er al., 2013). UBR5 overexpression and loss of 

function mutations of UBR5 have been associated with tumourigenesis, therefore the 

literature on UBR5 makes it unclear if UBR5 falls under oncogene or tumour suppressor.  

 

The working model for CIZ1 regulation suggests that inhibition of DDK/ CDK2 can reduce CIZ1 

levels and this is dependent on a functional UPS. Therefore, the E3(s) that target CIZ1 could 

provide an avenue for patient stratification, this is based on the idea that functional activity 

of the E3s would be required for the patient to respond beneficially to CDK inhibitors as a way 

of reducing CIZ1 levels. Further characterisation of the role of CDK and UPS activities on the 

regulation of CIZ1 levels would be beneficial in understanding how CIZ1 could potentially be 

therapeutically targeted.  Identification of which putative E3(s) target CIZ1 for degradation is 

yet to be determined.  

 

1.10. Aims 
 
The aims of the current work are to investigate the use of CDK and DDK inhibitors to reduce 

CIZ1 levels. The efficacy of CDK and DDK inhibition to reduce CIZ1 levels will be assessed using 

CDK4/6, CDK2, DDK, and CDK1 small molecule inhibitors in asynchronous and synchronous 

populations of 3T3 cells with the aim of determining the role of CDK-mediated 

phosphorylation on CIZ1 levels across all phases of the cell cycle. Overexpression of the 

putative E3s in 3T3 cells by transfection will work towards the aim of characterising the E3s 

that target CIZ1 for degradation. Finally, the ability of CDK and DDK to induce apoptosis and 



 26 

cell death in cancer cell lines will be evaluated with the aim of determining if the effect of the 

small molecule inhibitors can translate to the prevention of cancer cell survival. 
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Chapter 2: Materials and Methods 
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2.1. Tissue culture 
 
2.1.1. Culturing 3T3 fibroblasts  
 
Mouse embryonic fibroblasts (3T3 cells) were cultured in Dulbecco’s Modified Eagles Media 

(DMEM) (Gibco) supplemented with 10% (v/v) foetal bovine serum (FBS) (Labtech) and 1% 

(v/v) penicillin-streptomycin-glutamine (Gibco) in a humidified incubator at 37 °C, 5% CO2 

(Copeland et al., 2015). The cells were cultured in 15 cm NUNClon Delta coated cell culture 

plates in 30 ml of media. The cells were passaged every 24 to 48 hours to maintain 50-60% 

confluence. To passage the cells, the media was removed, and the cells washed in 10 ml 1x 

Dulbecco’s Phosphate-Buffered Saline (DPBS) (Gibco). The cells were dissociated from the 

culture dish by incubating the cells in 9 ml 1x DPBS with 1 ml 0.5% Trypsin-EDTA (Gibco) for 2 

minutes. The trypsin was neutralised in an equal volume of media and the cells split onto 

desired dishes proportionate to surface area of the tissue culture dishes. 

 
2.1.2. Synchronisation of 3T3 fibroblasts 
 
Contact inhibition and serum starvation were used to synchronise 3T3 cells (Copeland et al., 

2010; Copeland et al., 2015; Coverley et al., 2002). Cells were grown to 100% confluence and 

at this point the media was replaced with fresh media and the cells cultured for a further 48 

hours. Contact inhibition and serum starvation means the cells enter quiescence (G0). To 

release the cells from G0, the cells were dissociated from the culture dish by incubating the 

cells in 9 ml DPBS supplemented with 2 ml 0.5% trypsin-EDTA for 5 minutes. Cells were then 

split 1 in 4 into fresh media. The release of cells into fresh media at a lower density allows the 

cells to re-enter the cell cycle in G1 as a synchronised population. Figure 2.1 is a timeline of 

G0 release highlighting when the cells will enter into S phase.  

 

Figure 2.1. The synchronisation of 3T3 cells. The timeline of events of synchronised 3T3 cells 
after release from G0 to S phase. Restriction point (R) and entry of cells into S phase are shown 
as demonstrated previously by Coverley et al., (2002). 
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2.1.3. Culturing cancer cell lines 
 
The human prostate cancer (PC-3) cell line and primary and metastatic human colorectal 

carcinoma (SW480 and SW620, respectively) cell lines were cultured in DMEM (Gibco) 

supplemented with 10% (v/v) FBS (Labtech) and 1% (v/v) penicillin-streptomycin-glutamine 

(Gibco) in a humidified incubator at 37 °C, 5% CO2. The cells were cultured in 15 cm cell culture 

plates in 30 ml of media and maintained at 50-60% confluence. The cells were passaged as 

described in 2.1.1. 

 
2.2. 5-Ethynyl-2’- deoxyuridine (EdU) labelling and fluorescence microscopy  
 
Cell cycle synchronisation of 3T3 cells was measured using the incorporation of the thymidine 

analogue 5-Ethynyl-2’-deoxyuridine (EdU) into nascent DNA 16-24 hours after G0 release. 

Synchronised 3T3 cells were cultured in a plate containing autoclaved glass coverslips. EdU at 

a final concentration of 10 µM (Invitrogen) was added to the culture plate 1 hour prior to 

removal of the coverslip. The coverslips were washed three times in 1x phosphate buffered 

saline (PBS), fixed for 15 minutes in 4 % paraformaldehyde (PFA), washed three times in 1x 

PBS then stored at 4 °C until covalent attachment of Alexa Fluor-azide flurophores. 

 
Coverslips were washed twice in PBS, 1% (w/v) bovine serum albumin (BSA) (VWR) for 5 

minutes, cells permeabilised in 0.5% Triton X-100 for 20 minutes, washed twice in PBS, 1% 

(w/v) BSA for 5 minutes. Cells were fluorescently labelled using Click-iT™ imaging kit 

(Invitrogen). To the coverslips was added 20 µL of Click-iT™ EdU Cell Proliferation Cocktail 

(Invitrogen) (17.2 µL of 1x Click-iT™ EdU reaction buffer, 0.8 µL Copper sulphate solution, 0.48 

µL Alexafluorazide 555, 2 µL of 1x EdU Additive). The coverslips were incubated in a humidity 

chamber for 30 minutes at 37 °C, 5% CO2 then washed three times in PBS. Coverslips were 

mounted on Vectasheild containing DAPI (Vector Laboratories) and imaged by fluorescence 

microscopy (Zeiss Scope.A1). DAPI filter set: excitation G365, beamsplitter FT395, emission 

BP 445/50. Alexa flour 555 filter set: excitation BP 550/25, beamsplitter FT570, emission BP 

605/70. Percentage S phase cells was calculated by the following: Percentage S phase cells = 

(positively stained nuclei (EdU positive)/ total nuclei (total DAPI stained) x 100. Replicate 

number stated in figure legend. Merged images were generated using the add channel tool 

on the Zeiss Zen software. 
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2.3. Small molecule kinase inhibitor treatments  
 
For asynchronous cell cycle experiments, cells were seeded into 6-well plates at 30% 

confluency for 24 hours. The asynchronous cells were treated with small molecule kinase 

inhibitors (Table 2.1) or Dimethyl Sulfoxide (DMSO) solvent control for 6- or 24-hours prior to 

being harvested as indicated in the figures. Cell cycle synchronised cells were released and 

seeded into 6-well plates at 25% confluency and treat with small molecule inhibitors or DMSO 

at 16 hours post G0 release and cells harvested 24 hours post G0 release. For apoptosis 

assays, cells were seeded onto 10 cm plates at 30% confluency then incubated for 24 hours. 

The cells were treated with small molecule kinase inhibitors or DMSO solvent control for 24 

hours prior to being harvested. 

 
Drug Target IC50 Concentration Provider 
Palbociclib 
(PD0332991) 
Isethionate 

CDK4 
CDK6 

11 nM 
16 nM 

10 µM Sigma Aldrich 

PHA-767491 Cdc7 10 nM 10 µM Sigma Aldrich 
CVT-313 CDK2 0.5 µM 10 µM Santa Cruz 

Biotechnology 
Ro-3306 CDK1 20 nM 10 µM Selleckchem 
CDK2-IN-73 CDK2 44 nM 10 µM Selleckchem 
Roscovitine CDK2 0.7 µM 30 µM Sigma Aldrich; 

Selleckchem 
XL-413 
hydrochloride 

Cdc7 3.4 nM 10 µM Selleckchem 

MG-132 26S Proteasome 0.1 µM 10 µM Sigma Aldrich 
Table 2.1. Small molecule inhibitors. The small molecule inhibitors used in experiments 
throughout this study, the main target that is inhibited, the IC50 in cell free assays, the 
concentration used in experiments and the supplier. 
 
2.4. Protein harvesting and Sodium Dodecyl Polyacrylamide Gel Electrophoresis (SDS-

PAGE) 
 
2.4.1. Protein harvesting from 6-well cell culture plates 
 
For protein harvesting from the 6-well plates used for small molecule drug treatment 

experiments, the media was removed from the wells and the cells were washed twice in 1x 

PBS. The cells were scrape harvested using a cell scraper in 4x SDS loading buffer (200 mM 

tris HCl pH 6.8, 27.7 mM SDS, 40% (v/v) glycerol, 1 mM DTT, bromophenol blue) with 1 mM 
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phenylmethanesulfonylfluoride (PMSF), a serine/threonine protease inhibitor. The samples 

were vortexed then boiled for 10 minutes at 95 °C and stored at -20 °C. 

 
2.4.2. Protein harvesting from 10 cm cell culture plates 
 
For protein harvesting from 10 cm plates used for transfected 3T3 cells, the media was 

removed, and the cells washed in 5 ml 1x PBS with 1 mM DTT. A further 5 ml of 1x PBS with 1 

mM DTT was added to the cells and left on ice for 5 minutes. The PBS was removed, and the 

plates left on ice at a 45° angle for 5 minutes and any remaining PBS removed. The cells were 

scrape harvested using a cell scraper and the samples were added to 0.33 volumes of 4x SDS 

loading dye with 1 mM PMSF. The samples were the vortexed and boiled at for 10 minutes at 

95 °C and stored at -20 °C.  

 
2.4.3. Casting SDS-PAGE gels 
 
The Bio-Rad Mini-PROTEAN® tetra handset system was used to cast polyacrylamide gels. 

Table 2.2 outlines the recipes used to prepare 10% and 6% resolving gels and 5% stacking gel. 

After the resolving gel was poured, drops of isopropanol were added to remove any bubbles 

and make the resolving gel level, this layer of isopropanol was removed once the resolving 

gel had set. The stacking gel was then poured on top of the resolving gel and a 15 well comb 

added. Once the gels were set, they were used immediately or wrapped in wet blue roll and 

kept at 4 °C until use. 

 
Reagent 10 % resolving gel 6 % resolving gel 5 % stacking gel 

40% Acrylamide 1.88 ml 3 ml 0.25 ml 

1.5M Tris-HCl pH 8.8 1.88 ml 5.6 ml - 

0.5M Tris-HCl pH 6.8 - - 0.5 ml  

MilliQ water 3.6 ml 6.35 ml 1.21 ml 

10% SDS 75 µl 75 µl 20 µl 

10% APS 45 µl 120 µl 10 µl 

TEMED 15 µl 20 µl 5 µl 

Table 2.2. The recipe for various SDS-PAGE gels used in the project.  
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2.4.4. SDS-PAGE 
 
Proteins in SDS-PAGE samples were resolved on 10% or 6% SDS-polyacrylamide gels. The gels 

were placed in a Mini-PROTEAN® Tetra Cell tank (Bio-Rad) filled with 1x Tris-Glycine-SDS PAGE 

buffer (TGS) (ThermoFisher). Samples were boiled for 10 minutes at 95 °C prior to loading into 

the gel. PageRuler™ Plus Prestained Protein Ladder (ThermoFisher) was used as the protein 

standard. The gel was run at 100 V until samples reached the resolving gel then the gel was 

run at 200 V until the sample dye front had run to the base of the resolving gel. 

 
2.5. Western blotting 
 
2.5.1. Protein transfer to Polyvinylidene (PVDF) membrane 
 
The transfer of protein form SDS-PAGE gels to an Amersham Hybond PVDF 0.45 µm 

membrane (Sigma Aldrich) was achieved using a semi-dry electroblotting transfer unit (Sigma 

Aldrich). Eight sheets of blotting paper were soaked in transfer buffer (0.3 M Tris-Base (Sigma 

Aldrich), 10 µM CAPS, 0.02% SDS, 10% ethanol). The membrane was soaked in 100% ethanol 

to hydrate the membrane, then in transfer buffer for 5 minutes. The set-up for the transfer 

included four sheets of soaked blotting paper on the base with the soaked PVDF membrane 

on top followed by the SDS-PAGE gel then four more sheets of soaked blotting paper. The 

transfer unit was run at constant current of 63 mA per gel for 90 minutes. 

 
2.5.2. Probing and developing membranes 
 
After completion of the transfer, the PVDF membranes were blocked in blocking buffer (1x 

Tris Buffered Saline (TBS), 1% BSA (w/v), 0.1% Tween-20) for 1 hour on a roller then probed 

with a specific primary antibody (Table 2.3) diluted in blocking buffer and incubated at 4 °C 

overnight on a roller. Membranes were washed four times in blocking buffer for 5 minutes to 

remove excess primary antibody and incubated with a species-specific secondary antibody as 

indicated (Table 2.3) diluted in blocking buffer for 1 hour on a roller. The membranes were 

then washed four times in wash buffer (1x TBS, 0.1% Tween-20) for 5 minutes. To develop 

the blots, hydrogen peroxide and luminol enhancer solution (SuperSignalTM West Pico PLUS 

Chemiluminescent Substrate, ThermoFisher) were mixed together at a 1:1 ratio and added 

on to the blot to visualise the protein bands using the BIO-RAD ChemiDoc™ MP Imaging 

System.  
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Antibody Provider Code Dilution Antibody species 

CIZ1 Covalabs Copeland et 

al., 2015 

1:1000 Rabbit 

UBR5 Abcam Ab134089 1:1000 Rabbit 

GFP Sigma Aldrich G6539 1:2000 Mouse 

FLAG Abcam Ab1162 1:1000 Rabbit 

b-Actin Sigma Aldrich  A1978 1:10,000 Mouse 

Anti-Rabbit IgG 

HRP 

Abcam ab6721 1:5000 Goat 

Anti-Mouse 

IgG-HRP 

Invitrogen  A28177 1:5000 Goat 

Table 2.3. Primary and secondary antibodies used for western blotting. A list of the 
antibodies used, the provider and antibody code, the dilution used and the antibody species. 

 
2.5.3. Standardising protein loads 
 
Protein band intensities were quantified using the BIO-RAD Image Lab Software Version 6.1.0 

build 7 Standard Edition. To balance the protein loads, western blotting was performed and 

standardised using actin band intensities using the following equation:  

1/ (value/lowest actin value) x load volume of well. 

 
Subsequently, protein levels were determined for actin and CIZ1. The quantity of CIZ1 was 

standardised to a relative abundance of the actin load control. The control was standardised 

to 1 and all other samples were standardised to the control to show relative differences in 

protein levels compared to the control. Replicate number for protein quantitation stated in 

figure legend. 

 
2.6. Flow cytometry  
 
For cell cycle analysis by flow cytometry, cells were labelled with EdU at a final concertation 

of 10 µM for 1 hour. The cells were trypsinised as described in section 2.1.1, neutralised in 5 

ml of media, centrifuged (all centrifugation steps were carried out at 500 x g for 5 minutes) 

and the supernatant discarded. Cell pellets were resuspended in 3 ml of PBS, 1% w/v BSA and 
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cells extracted from buffer by centrifugation and the supernatant discarded. The pellets were 

resuspended in 100 µl of 4 % PFA and left at room temperature for 15 minutes. Cells were 

then centrifuged, cell pellets washed in 3 ml of PBS, 1% w/v BSA in 1x PBS then centrifuged 

and the pellets were stored at -20 °C until use or immediately processed for flow cytometry 

analysis. The pellets were washed 3 times in PBS, 1% w/v BSA and centrifuged between each 

wash, cells permeabilised in PBS, 0.5 % v/v Triton X-100 for 15 minutes then centrifuged, and 

the supernatant discarded. The samples were labelled with 500 µl of EdU labelling cocktail 

(430 µL of 1x Click-iT™ EdU reaction buffer, 20 µL Copper sulphate solution, 1.2 µL 

Alexafluorazide 488, 50 µL of 1x EdU Additive) from the Alexa Fluor 488 azide Click-iT™ EdU 

cell proliferation kit (Invitrogen). The cells were incubated in the dark for 30 minutes, washed 

3 times in 0.1% Triton X-100 in 1x PBS and centrifuged between each wash. Samples were 

labelled with 5 µg/ml of Hoechst 33342 in PBS, 0.1% v/v Triton X-100 for 30 minutes in the 

dark on ice. The samples were analysed using the Beckman Coulter CytoFLEX using PB450 

(450/45) for Hoechst staining and PE (585/42) for EdU staining. 10,000 events were collected 

for all samples and consistent gating applied. 

 
2.7. Apoptosis assays 
 
After 24-hour drug treatment (section 2.3), the media from the culture plate was collected 

into a 50 ml falcon tube. The cells were harvested by trypsinisation and added to the falcon 

tube containing the media. The cells were centrifuged at 500 x g for 5 minutes and the 

supernatant discarded, washed in 1 ml cold PBS and centrifuged at 500 x g for 5 minutes. The 

cells were resuspended in 1 µl of media and stained with 1 µg/ml propidium iodide (PI) and 

0.1 µM YO-PRO-1TM. The samples were incubated on ice for 30 minutes before being analysed 

with the Beckman Counter CytoFLEX using FITC (535/40) channel for YO-PRO-1 staining and 

PE (585/42) channel for PI staining. 10,000 events were collected for all samples and 

consistent gating applied. 

 
YO-PRO-1 is a nucleic acid stain used to identify apoptotic cells. The ability of YO-PRO-1 to 

stain early apoptotic cells is based on the plasma membrane being generally preserved with 

increased permeability only for small cationic probes such as YO-PRO-1 (Wlodkowic et al., 

2009). The plasma membrane of early apoptotic cells is permeable to small, cations e.g., YO-

PRO-1 and impermeable to larger cations including PI, a dead cell stain. Late apoptotic/ 
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necrotic cells are permeable to YO-PRO-1 and PI as a result of the highly compromised plasma 

membrane. Live cells have an intact plasma membrane and are impermeant to YO-PRO-1 and 

PI (Fujisawa et al., 2013; Wlodkowic et al., 2009). The stains, therefore, identify live cells (YO-

PRO-1-/PI-), early apoptotic cells (YO-PRO-1+/ PI-) and late apoptotic/ necrotic cells (YO-PRO-

1+/ PI+). 

 
2.8. E3 ligase plasmid purification 
 
2.8.1. E. coli transformations  
 
E. coli culture media LB broth (10 g Tryptone, 10 g NaCl, 5 g Yeast extract per litre MilliQ water) 

and LB agar (40 g/l LB agar (ThermoFisher)) were both autoclaved prior to use and handled in 

a laminar flow hood to ensure aseptic technique to prevent contamination. 

 
Transformation of competent top 10 Escherichia coli cells was performed by adding 1 µL of 

each specific plasmid encoding the E3 ligases (UBR5, FBXO38 and UBE2O) to 50 µl competent 

cells, the cells were then incubated on ice for 30 minutes, heat-shocked for 1 minute at 42 °C 

and then transferred back to ice for 5 minutes. The addition of 200 µl of LB broth (Melford) 

to the competent cells was followed by incubation for 1 hour at 37 °C with shaking (50 rpm). 

After incubation, 100 µl of the sample was plated onto LB agar (ThermoScientific) plates 

supplemented with ampicillin (100 µg/ml) (Melford) and incubated overnight at 37 °C. The 

agar plates with colonies were stored at 4 °C and used within 2 months. 

 
2.8.2. Plasmid purification 
 
For transfection-grade plasmid purification, a single colony was picked from the LB agar plate 

and used to inoculate 10 ml of LB media supplemented with ampicillin (100 µg/ml) and 

incubated overnight at 37 °C, 130 rpm. The stationary phase cultures were harvested by 

centrifugation, 3000 x g for 20 minutes and the media removed. The plasmids were purified 

using the NucleoSpin® Plasmid Transfection-grade miniprep kit (Macherey-Nagel) according 

to manufacturer’s instructions. Briefly, cell pellets were resuspended in 250 µl resuspension 

buffer followed by the addition of 250 µl of lysis buffer and the tube inverted gently 6-8 times, 

this was followed by the addition of 300 µl of neutralisation buffer. The tubes were inverted 

until the blue colour changed to an off-white precipitate. The tubes were centrifuged for 10 
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minutes at 17,000 x g, this step was repeated in case the supernatant was not clear. All 

subsequent centrifugation steps were at carried out at 11,000 x g. The supernatant was 

transferred to a NucleoSpin® Plasmid TG Column in a Collection Tube and centrifuged for 1 

minute and the flow-through discarded. To the column, 650 µl of detoxification buffer was 

added and centrifuged for 1 minute and the flow-through discarded. The column was washed 

in 650 µL of wash buffer and centrifuged for 1 minute and the flow-through discarded. The 

column was centrifuged for a further minute. The NucleoSpin ® Plasmid TG Column was 

placed in a 1.5 ml microcentrifuge tube and 50 µl of elution buffer added and incubated for 1 

minute at room temperature then centrifuged for 1 minute and the flow-through collected. 

The nucleic acid concentration was determined using UV absorbance spectroscopy with a 

Nanodrop™ 2000 (Thermo Scientific).  

 
2.8.3. Ethanol precipitation of nucleic acid 
 
To concentrate the purified plasmid stock, 0.1 volumes of 3 M sodium acetate (pH 5.2) 

followed by 3 volumes of 100% ethanol were added to the purified plasmid then mixed and 

stored at -20 °C overnight. The samples were centrifuged at 17,000 x g for 30 minutes at 4 °C 

and the supernatant discarded. The pellets were subsequently air dried for 15 minutes at 

room temperature to allow the evaporation of any remaining ethanol. The pellets were then 

resuspended in the desired volume of elution buffer and the nucleic acid concertation was 

determined using UV absorbance spectroscopy with a Nanodrop™ 2000 (Thermo Scientific). 

 
2.9. Transfection of 3T3 cells 
 
Amaxa® Cell Line Nucleofector ® Kit R (Lonza) was used for the transfection of E3 ligase 

plasmid into 3T3 cells. For asynchronous transfections, the 3T3 cells were grown to 70% 

confluence then harvested by trypsinisation and neutralised in 5 ml of media. The cells were 

centrifuged at 500 x g for 5 minutes and the supernatant discarded. To remove excess media, 

cells were centrifuged for an additional minute at 500 x g and the supernatant aspirated. The 

cell pellets were resuspended in 100 µl of Kit R solution with 5 µl of plasmid (total of 1.5 µg 

plasmid) plasmid DNA for overexpression of each E3 protein or 2 µl of the GFP control 

provided in Kit R and then transferred to electro cuvettes. To complete the transfection, the 

Lonza nucleofector 2b electroporation system was used on programme U-030. Transfected 
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cells were immediately transferred to media and plated onto 10 cm dishes and incubated for 

48 hours prior to being harvested for western blot analysis, flow cytometry and EdU 

incorporation analysis. For transfection of synchronised 3T3 cells, the cells were transfected 

at the point of G0 release and incubated for 24 hours prior to western blot analysis. 

 

2.10. Immunofluorescence  
 
To determine transfection efficiency, immunofluorescence was used to identify FLAG-tagged 

E3 ligase constructs. Table 2.4 shows the antibodies used to complete the 

immunofluorescence.  

 
Antibody Provider Code Dilution Antibody species 

FLAG tag Abcam Ab1162 1:100-1:250 Rabbit 

FALG tag Sigma Aldrich F2555 1:125-1:250 Rabbit 

Alexa fluor 568 

anti-rabbit IgG 

Invitrogen A11036 1:2000 Goat 

Table 2.4. The antibodies used for immunofluorescence. A list of the antibodies used, the 
provider, antibody code, dilution and the antibody species. 
 
Transfected cells were grown on autoclaved glass coverslips, the coverslips were transferred 

to a 24 well plate, washed 3 times in 1x PBS, fixed for 15 minutes in 4% PFA, then washed 

three times in 1x PBS. Next, 0.1% Triton-X 100 in 1x PBS was added to the coverslips for 20 

minutes followed by 2 washes in antibody buffer (1x PBS, 0.1% v/v triton- X 100, 0.02 % w/v 

SDS and 1% w/v BSA). Primary antibodies were diluted in antibody buffer to a range of 

concentrations (Table 2.4) and 20 µl added to the coverslips, a minus primary antibody 

control was also prepared. Coverslips were incubated in a humidified chamber for 1 hour at 

37 °C. The coverslips were washed 3 times in 1x PBS then 3 times in antibody buffer. The 

secondary antibody specific for the species of primary antibody (Table 2.4) was diluted in 

antibody buffer (1:2000) and 20 µl to added to the coverslips and incubated in a humidified 

chamber in the dark for 1 hour at 37 °C. The coverslips were washed 3 times in antibody buffer 

then 3 times in 1x PBS and mounted on Vectasheild containing DAPI. For GFP transfections, 

coverslips were fixed in 4% PFA then mounted onto Vectasheild containing DAPI. The 

coverslips were imaged the same day by fluorescence microscopy (Zeiss Scope.A1). GFP filter 
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set: excitation 470/40, beamsplitter FT496, emission BP 535/50. FLAG filter set: excitation 

BP550/25, beamsplitter FT570, emission BP 605/70. The following equation was used to 

determine GFP transfection efficiency: Transfection efficiency = (GFP positive cells / total 

cells) x 100. Merged images were generated using the add channel tool on the Zeiss Zen 

software. 

 
2.11.  Statistical analysis 
 
The figures are presented as the mean ± the Standard Deviation (S.D.) for three or more 

experimental repeats as stated in the figure legends. Statistical significance was measured 

using the Mann Whitney test using Prism 9 Version 9.3.1 (350).  
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Chapter 3: Results
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3.1. Regulation of CIZ1 by opposing CDK and UPS activities  
 
CIZ1 overexpression has been associated with common cancer types including breast, 

prostate, gall bladder, colorectal and hepatocellular carcinoma. Previous work has shown 

CIZ1 protein levels to be reduced by inhibition of CDK2 and DDK which promotes ubiquitin 

proteasome system (UPS) mediated degradation of CIZ1 in mouse embryonic fibroblast (3T3 

cells) (Pauzaite, 2019).  

 
In this study, cells were treated with small molecule kinase inhibitors that target each cell 

cycle regulatory CDK and DDK to establish which kinase may target CIZ1 and be most 

appropriate as a potential target. The inhibitors used and their target are: PD0332991 (PD, 

also called palbociclib; cyclin D-CDK4/6 CDK), PHA-767491 (PHA; Dbf4-Cdc7), CVT-313, CDK2-

IN-73 (both CDK2 inhibitors) and Ro-3306 (CDK1 inhibitor). PD0332991 (hereafter referred to 

as PD) is a highly selective inhibitor of CDK4/6 (Guarducci et al., 2017). PHA-767491 (hereafter 

referred to as PHA) is a dual Cdc7/ CDK9 inhibitor but can also inhibit CDK2 (IC50 240 nM) and 

CDK1 (IC50 250 nM) at higher concentrations (Montagnoli et al., 2008; Sasi et al., 2014). CVT-

313 is a selective CDK2 inhibitor and CDK2-IN-73 is a more potent CDK2 inhibitor (Brooks et 

al., 1997; Coxon et a., 2017). Ro-3306 is a CDK1 inhibitor but can also inhibit CDK2 (IC50 340 

nM) and CDK4 (IC50 > 2000 nM) at higher concentrations (Vassilev et al., 2006). The small 

molecule kinase inhibitors are ATP competitive inhibitors that interact with CDKs at the 

catalytic ATP site (Li et al., 2015). MG132 is a proteasome inhibitor used in this study and 

works by blocking the proteolytic activity of the 26S proteasome (Han et al., 2009).  

 
In this study, PD, PHA and CVT-313 were used at a concentration of 10 µM based on previous 

work that showed this concentration to have an effect at the molecular level in 3T3 cells whilst 

leaving the cells phenotypically unchanged and viable (Pauzaite, 2019). Ro-3306 was used at 

a concentration of 10 µM based on published work using this inhibitor in 3T3 cells (Yoo et al., 

2017). There is limited published work using CDK2-IN-73, however, the concentration of 10 

µM used is higher than the IC50. The aim of this section is to evaluate the efficacy of CDK and 

DDK inhibitors to reduce CIZ1 protein levels and determine the role of the UPS in CIZ1 

regulation. 
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3.1.1. CIZ1 levels are reduced by kinase inhibition in asynchronous 3T3 cells 
 
The working model for CIZ1 regulation (Figure 1.9) suggests CIZ1 stability is dependent on 

CDK- and DDK- mediated phosphorylation. To determine if CIZ1 protein levels can be reduced 

through CDK and or DDK inhibition, 3T3 cells were treated with small molecule kinase 

inhibitors. For this analysis, murine fibroblasts were used as this is the model system used to 

identify the putative regulators of CIZ1 (Pauzaite, 2019). 3T3 cells were treated with Dimethyl 

Sulfoxide (DMSO) as a solvent control, CDK4/6 inhibitor (PD), DDK inhibitor (PHA), CDK2 

inhibitors (CVT-313 and CDK2-IN-73) and CDK1 inhibitor (Ro-3306), treatments used 10 µM 

of inhibitor for 24 hours. Treating asynchronous cells over a time course of 24 hours allows 

for a complete cell cycle and all cell cycle phases to be captured. The effect on CIZ1 protein 

levels were determined by western blotting (Figure 3.1). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1. CIZ1 protein levels are reduced by the inhibition of CDK4/6, DDK, CDK2 and CDK1 
in asynchronous 3T3 cells. (A) Western blot of asynchronous 3T3 cells treated with DMSO, 
PD, PHA and CVT-313 (all 10 µM) for 24 hours. Blots were probed with CIZ1 and Actin 
antibodies. (B) Quantitation of CIZ1 protein levels relative to actin load control for PD, PHA 
and CVT-313 standardised to DMSO control, data presented as mean ± S.D, n=3. Significance 
measured with Mann Whitney test, p = 0.1 for DMSO v PD, DMSO v PHA and DMSO v CVT-
313.  (C) as in A except for Ro-3306 and CDK2-IN-73. (D) as in B, but for Ro-3306 and CDK2-
IN-73, p = 0.1 for DMSO v for Ro-3306 and p = 0.7 for DMSO v CDK2-IN-73. 
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Western blot analysis revealed a non-significant reduction in CIZ1 protein levels for PD, PHA 

and CVT-313 compared to the DMSO control (Figure 3.1. A, B). Ro-3306 also resulted in a non-

significant reduction in CIZ1 proteins levels whereas CDK2-IN-73 treatment did not reduce 

CIZ1 levels compared to the control (Figure 3.1. C, D). CVT-313 caused the largest decrease in 

CIZ1 protein levels by 61%, followed by PHA, Ro-3306 and PD which led to a reduction by 52%, 

48% and 39%, respectively. The results for CDK2-IN-73 are surprising as CDK2-IN-73 is a more 

potent CDK2 inhibitor than CVT-313 in vitro. The results demonstrate that inhibition of 

CDK4/6, DDK, CDK2 and CDK1 can reduce CIZ1 protein levels. The activities of the CDK 

complexes tested here span the entire cell cycle and more investigation is required to identify 

the role of each cyclin dependent kinases at different phases of the cell cycle. 

 
3.1.2. CIZ1 levels are reduced by kinase inhibition in synchronised 3T3 cells 
 
To assess if the effect of the kinase inhibitors is cell cycle phase dependent, 3T3 cells were 

synchronised by release from contact inhibition and serum starvation that forces cells in to 

G0. The cells were then released by reducing cell contacts, plating at low cell density and 

replacing media. Cells were subsequently treated with small molecule kinase inhibitors to 

determine the effect on CIZ1 protein levels specifically at late G1/S of the cell cycle. To confirm 

cell cycle synchronisation, entry in to S-phase was measured by monitoring the incorporation 

of EdU into nascent DNA 16-24 hours post release from quiescence (G0) (Figure 3.2. A, B). 

Synchronised 3T3 cells were treated with DMSO solvent control, CDK4/6 inhibitor (PD), DDK 

inhibitor (PHA), CDK2 inhibitors (CVT-313 and CDK2-IN-73) and CDK1 inhibitor (Ro-3306) 16 

hours post release from G0 and harvested at 24 hours. This time course captures cells post-

restriction point (15hr after release) and through the G1/ S transition (Coverley et al., 2002). 

The effect of kinase inhibition during late G1 phase on CIZ1 protein levels were determined 

by western blotting (Figure 3.2. C-F).  
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Figure 3.2. CIZ1 protein levels are reduced by the inhibition of CDK4/6, DDK, and CDK2 in 
late G1 3T3 cells. 3T3 cells were synchronised by release from G0. (A) Representative 
fluorescence microscope images show merged DNA stain (DAPI) and EdU 16-24 hours post 
release. (B) Percentage S phase cells (EdU positive) 16-24 hours post release presented as 
mean ± S.D., n=3. Blue arrow represents addition of inhibitors, green arrow represents the 
point the cells were harvested. (C) Western blot of cells treated with DMSO, PD, PHA and CVT-
313 at a concentration of 10 µM 16-24 hours post release. Blots were probed with CIZ1 and 
Actin antibodies. (D) Quantitation of CIZ1 protein levels relative to actin load control for PD, 
PHA and CVT-313 standardised to DMSO control, data presented as mean ± S.D, n=3. 
Significance measured with Mann Whitney test, p = 0.1 for DMSO v PD, DMSO v PHA and 
DMSO v CVT-313. (E) As in C except for Ro-3306 and CDK2-IN-73. (F) as in D except for Ro-
3306 and CDK2-IN-73. Significance measured with Mann Whitney test, p= 0.7 for DMSO v Ro-
3306 and DMSO v CDK2-IN-73. 
 
The increase in percentage S phase cells at 16-24 hours post release from G0 (Figure 3.2 A, B) 

demonstrates successful synchronisation of 3T3 cells with 35-40% of cells in S phase 24 hours 

post release. Western blot analysis revealed a non-significant reduction in CIZ1 protein levels 

for PD, PHA and CVT-313 compared to the DMSO control (Figure 3.2. C, D). PD, PHA and CVT-

313 treatments all caused a similar reduction in CIZ1 protein levels by approximately 65%. 

CIZ1 protein levels were not affected by Ro-3306 or CDK2-IN-73 compared to the DMSO 

control (Figure 3.2. E, F), the findings for Ro-3306 are expected as CDK1 is inactive in G1/S due 

to the inhibitory phosphorylation by Wee1 (Potapova et al., 2009). Although more repeats 

are required to support the findings, the asynchronous and synchronous data suggest that 
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CDK1 inhibition acts in G2 phase reducing CIZ1 levels, CDK2/DDK imply late G1 phase and 

CDK4/6 imply early G1 phase.  

 
So far, the data has shown no effect of the CDK2 inhibitor CDK2-IN-73 on CIZ1 protein levels 

in asynchronous or synchronised 3T3 cells, this could potentially be due to insufficient 

inhibition of CDK2. The ability of CDK2-IN-73 to inhibit CDK2 was investigated further in 

synchronised 3T3 cells. The inhibition of CDK2 should lead to a reduction in S phase entry as 

activation of CDK2 initiates DNA synthesis (Lunn et al., 2010). To determine if CDK2-IN-73 

reduces S phase entry, 3T3 cells were synchronised by G0 release and monitored from G0-S. 

Synchronised cells were treated with DMSO solvent control and the CDK2 inhibitors CVT-313 

and CDK2-IN-73 at a concertation of 10 µM 16-24 hours post release from G0. CLICK-IT EdU 

fluorescent labelling was used to measure EdU incorporation into nascent DNA 24 hours post 

release quantified as S phase cells (EdU positive) as a percentage of all cells (DAPI stained) 

(Figure 3.3). 

Figure 3.3. S phase entry is not reduced by CDK2-IN-73. 3T3 cells were synchronised by 
release from G0 and treated with DMSO, CVT-313 and CDK2-IN-73 at a concentration of 10 
µM 16-24 hours post release.  (A) Experimental overview. The timeline shows entry into S 
phase after release from G0 represented by the triangle, timing of restriction point (R), 
addition of inhibitors and EdU labelling. (B) Percentage S phase cells (EdU positive) 24 hours 
post release, n=1. 
 
Entry into S phase was reduced by CVT-313 by 10 % compared to the DMSO control, however 

CDK2-IN-73 had no effect on S phase entry compared to the DMSO control. This is surprising 

as CDK2-IN-73 is a more potent CDK2 inhibitor than CVT-313 (IC50 values of 44 nM and 0.5 
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µM for CDK2-IN-73 and CVT-313, respectively) (Brooks et al., 1997; Coxon et al., 2017) 

therefore it would be expected that CDK2-IN-73 would have a similar effect or a more potent 

effect on S phase entry compared to CVT-313. This suggests that CDK2-IN-73 is not having an 

inhibitory effect on CDK2 in 3T3 cells and could explain the reason behind CDK2-IN-73 

treatment not leading to a reduction in CIZ1 protein levels. 

 
3.1.3. CIZ1 protein levels are post-translationally regulated by the ubiquitin proteasome 

system (UPS) 
 
The data so far has shown that the inhibition of CDK4/6, DDK, CDK2 and CDK1 results in a non-

significant reduction in CIZ1 protein levels. CIZ1 levels are reduced specifically at late G1/S in 

synchronised cells treated with CDK4/6, DDK and CDK2 inhibitors. The reduction in CIZ1 

protein levels could potentially be a result of reduced progression through the cell cycle or an 

active degradation process such as proteasomal-mediated degradation. To determine the 

potential role of the proteasome in the regulation of CIZ1 protein levels, asynchronous 3T3 

cells were treated with CDK4/6 inhibitor (PD), DDK inhibitor (PHA) and CDK2 inhibitor (CVT-

313), in combination with the proteasome inhibitor MG132 at a concentration of 10 µM for 

6 hours. The effect on CIZ1 protein levels were determined by western blotting (Figure 3.4). 
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Figure 3.4. CIZ1 protein levels are minimally affected by proteasome inhibition in 
asynchronous 3T3 cells. (A) Western blot of asynchronous 3T3 cells treated with DMSO and 
PD±MG132 at a concertation of 10 µM for 6 hours. Blots were probed with CIZ1 and Actin 
antibodies. (B) Quantitation of CIZ1 protein levels relative to actin load control for PD±MG132 
standardised to DMSO control, data presented as mean ± S.D, n=3. Significance measured 
with Mann Whitney test, p =0.7 for DMSO vs PD, p = 0.4 for PD vs PD+MG132 (C) as for A but 
for PHA±MG132. (D) as for B but for PHA±MG132, p = 0.7 for DMSO vs PHA, p=0.9 for PHA vs 
PHA+MG132. (E) as for A but for CVT-313±MG132. (F) as for B bur for CVT-313±MG132, p = 
0.7 for DMSO vs CVT-313 and CVT-313 vs CVT-313+MG132. 
 
This analysis revealed minimal change in CIZ1 protein levels for PD, PHA and CVT-313 

treatments compared to DMSO control resulting in no observable effect of the proteasome 

inhibitor MG132. In earlier experiments, asynchronous 3T3 cells treated with PD, PHA and 

CVT-313 at 10 µM for 24 hours resulted in a non-significant reduction in CIZ1 protein levels 

(Figure 3.1). This suggests treatment of asynchronous cells with kinase inhibitors for 6 hours 

may not be sufficient time for the degradation of CIZ1. A further confounding effect may be 

due to cell cycle specific activity for each kinase inhibitor. 

 
In earlier experiments, synchronised 3T3 cells in late G1 phase showed reductions in CIZ1 

protein levels when treated with the small molecule kinase inhibitors PD, PHA and CVT-313 

(Figure 3.2). To determine if kinase inhibition during late G1 phase promotes UPS mediated 
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degradation of CIZ1 protein levels, 3T3 cells were synchronised in G0 and released back into 

G1 phase. At 16 hours post release, cells were treated with DMSO solvent control, or CDK4/6 

inhibitor (PD), DDK inhibitor (PHA) and CDK2 inhibitor (CVT-313) with or without the 

proteasomal inhibitor MG132. Cells were harvested 24 hours post release and the effect on 

CIZ1 protein levels were determined by western blotting (Figure 3.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. CIZ1 protein levels are recovered by proteasomal inhibition after DDK/ CDK2 
inhibition in synchronised 3T3 cells. 3T3 cells were synchronised by release from G0. (A) 
Experimental overview. Timeline shows entry into S phase after G0 release represented by 
the triangle, timings of restriction point ©, addition of inhibitors and harvesting. (B) Western 
blot of cells treated with DMSO and PD±MG132 at a concentration of 10 µM 16-24 hours post 
release. Blots probed with CIZ1 and Actin antibodies. (C) Quantitation of CIZ1 protein levels 
relative to actin load control for PD±MG132 standardised to DMSO control, data presented 
as mean ± S.D, n=3. Significance measured with Mann Whitney test, p =0.1 for DMSO vs PD, 
p = 0.4 for PD vs PD+MG132.  (D) as for B but for PHA±MG132. (E) as for C but for PHA±MG132, 
p = 0.1 for DMSO vs PHA and PHA vs PHA+MG132. (F) as for B but for CVT±MG132. (G) as for 
C but for CVT-313±MG132, p = 0.1 for DMSO vs CVT-313 and CVT-313 vs CVT-313+MG132. 
 
Western blot analysis revealed a non-significant reduction in CIZ1 protein levels for PD 

compared to DMSO control and no change with the addition of the proteasome inhibitor 
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MG132 (Figure 3.5. B, C). PHA and CVT-313 treatment resulted in a non-significant reduction 

in CIZ1 protein levels compared to DMSO control and the addition of MG132 recovered CIZ1 

protein levels to similar levels of control (Figure 3.5. D-G). Importantly, PD, PHA and CVT-313 

treatments reduced CIZ1 protein levels by an amount consistent with earlier experiments in 

synchronised 3T3 cells (Figure 3.2). Although more repeats are required to support the 

findings, the data suggests that CIZ1 is regulated by the UPS and that this effect is enhanced 

by DDK and CDK2 inhibition but not CDK4/6 inhibition.  

 
3.2. CIZ1 regulation by E3 ligases  
 
Identification of the E3 ligases involved in the regulation of CIZ1 levels and characterisation 

of their function could provide a deeper understanding of the regulatory mechanisms that 

control CIZ1 activity. The model for CIZ1 regulation suggests that CIZ1 is regulated by opposing 

DDK/ CDK2 and UPS activities (Figure 3.6). The reduction in CIZ1 protein levels by CDK and 

DDK inhibition would be dependent on a functional UPS system. In addition, the model 

suggests that perturbation of CDK networks through small molecule inhibition of cyclin 

dependent kinases may reduce CIZ1 levels and this has potential clinical benefit in cancers 

that are reliant on CIZ1 overexpression (Pauzaite, 2019). In addition, the E3s that target CIZ1 

for degradation could be used for patient stratification to determine if the patient has a 

functional UPS with the E3s that target CIZ1 and therefore would benefit from CDK/DDK 

inhibition therapy.  
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Figure 3.6. The proposed model for CIZ1 regulation by CDK/DDK and E3 ligase activities. 
CIZ1 levels are regulated by CDK2/DDK mediated phosphorylation which leads to stability and 
accumulation. Opposing regulation is by the UPS which degrades CIZ1, this is dependent on a 
functional UPS and the presence of the E3 ligase(s) that target CIZ1. The putative E3 ligases 
targeting CIZ1 include UBR5, FBXO38 and UBE2O. 
 
Previous work has identified three putative E3 ligases that potentially regulate CIZ1 including 

Ubiquitin-protein ligase E3 component n- recognin 5 (UBR5), F-box only protein 38 (FBXO38) 

and E3-independent E2 ubiquitin-conjugation enzyme (UBE2O) (Pauzaite, 2019).  The aim of 

this section is to characterise the activity of each E3 in the regulation of CIZ1 protein levels 

and cell cycle progression. The three putative E3 ligases will be transfected into asynchronous 

and synchronous 3T3 cells. Overexpression of an E3 ligase that regulates CIZ1 would be 

expected to show a reduction in CIZ1 levels, similar to previously published results using siRNA 

to target CIZ1 (Copeland et al., 2010). The depletion of CIZ1 in 3T3 cells using anti-CIZ1 siRNA 

has been shown to reduce the number of cells in S phase (Copeland et al., 2010; Coverley et 

al., 2005). Coverley et al., (2005) observed this effect at 48 hours post-transfection with anti-

CIZ1 siRNA. This section will investigate the potential role of three putative E3 ligases in the 

regulation of CIZ1 protein levels. 
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3.2.1. Characterising the potential role of UBR5  in regulating CIZ1 protein levels 
 
UBR5 is a HECT E3 ligase and has been shown to have a role in cell cycle regulation (Shearer 

et al., 2015), the potential role of UBR5 in regulating CIZ1 protein levels was evaluated. 

Asynchronous 3T3 cells were transfected with UBR5-GFP plasmid or GFP control and 

harvested 48 hours post-transfection. Transfection efficiency was determined by 

fluorescence microscopy and the expression of UBR5-GFP was also determined by western 

blotting (Figure 3.7). All downstream analysis has been completed 48 hours post-transfection 

based on CIZ1 depletion studies which found a reduction in S phase cells 48 hours post-

transfection with anti-CIZ1 siRNA (Coverley et al., 2005). Similar downstream analysis has 

been used in this study therefore the time course of 48 hours was chosen.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7. Validating GFP and UBR5-GFP expression in asynchronous 3T3 cells. 
Asynchronous 3T3 cells were transfected with GFP and UBR5-GFP and harvested 48 hours 
post transfection. (A) Representative fluorescence microscope images show DNA stain (DAPI), 
GFP and merged images. White arrow represents a cell scored as UBR5-GFP positive. (B) 
Percentage transfected cells (GFP positive) presented as mean ± S.D., n=5. (C) Western blot 
of transfected cells probed with GFP antibody. Blue arrow indicates expected molecular 
weight of GFP (27KDa) and black arrow indicates expected molecular weight for UBR5-GFP 
(3366KDa) (D) Western blot of transfected cells probed with UBR5 and Actin antibodies. (E) 
Quantitation of UBR5 protein levels relative to actin load control, data presented as mean ± 
S.D, n=3. 
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The fluorescence microscopy images show fluorescence in the green channel for GFP and 

UBR5-GFP transfected cells as expected (Figure 3.7. A). The images for GFP and UBR5-GFP 

transfected cells were taken at different exposure times based on signal to noise ratio. A 

lower level of fluorescence was detected in the UBR5-GFP transfected cells and therefore 

images were captured using a longer exposure time. A consideration for UBR5-GFP expression 

levels is that fusion tags can affect protein expression (Saiz-Baggettp et al., 2017). 

Transfection efficiency was calculated as 50-60% for GFP control and 40-50% for UBR5-GFP 

(Figure 3.7. B). The white arrow indicates a cell that was scored as UBR5-GFP positive, 

however, a non-transfected control would be necessary to accurately determine the 

difference between autofluorescence and a UBR5-GFP positive cell and thereby allow a more 

accurate transfection efficiency to be calculated. Western blot analysis revealed non-specific 

binding of the GFP antibody and a weak signal, the band pattern for both GFP and UBR5-GFP 

transfections is similar with no distinct differences (Figure 3.7. C). This suggests there is non-

specific binding of the GFP antibody. The western blot probed with UBR5 antibody revealed 

a small non-significant decrease in UBR5 protein levels in the UBR5-GFP transfected cells 

compared to GFP control (Figure 3.7. D, E) which would suggest unsuccessful transfection. 

However, UBR5 antibody validation would be required to ensure that the antibody is 

detecting UBR5 specifically. Additional controls including the quantitation of UBR5 mRNA 

levels are required to validate UBR5-GFP expression.  

 
The effect of transfecting cells with UBR5-GFP plasmid on CIZ1 levels was determined by 

western blotting. The effect on the cell cycle profile was determined by measuring EdU 

incorporation into nascent DNA by fluorescence microscopy and multiparameter flow 

cytometry 48 hours post-transfection (Figure 3.8). 
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Figure 3.8. CIZ1 protein levels and DNA synthesis are reduced in 3T3 cells after transfection 
with UBR5-GFP. Asynchronous 3T3 cells were transfected with GFP and UBR5-GFP and 
harvested 48 hours post transfection. (A) Western blot of transfected cells probed with CIZ1 
and Actin antibodies, five experimental repeats shown (R1-5). (B) Quantitation of CIZ1 protein 
levels relative to actin load control, data presented as mean ± S.D, n=5. Significance measured 
using Mann Whitney test, p = 0.127. (C) Representative fluorescence microscope images 
show merged DNA stain (DAPI) and EdU of transfected cells. (D) Percentage S phase cells (EdU 
positive) in relation to all DAPI stained cells, presented as mean ± S.D., n=5.  Significance 
measured using Mann Whitney test, p = 0.198. (E) Multiparameter flow cytometry dot plot, 
EdU intensity (y axis) and Hoechst intensity (total DNA) (x axis) with G1, S and G2 populations 
labelled on the GFP control. (F) Quantitation of flow cytometry dot plot data, stacked bar 
chart shows percentage of cells in G1, S and G2/M as indicated.  
 
Transfection of 3T3 cells with UBR5-GFP resulted in a reduction in CIZ1 levels compared to 

GFP control for three out of five experimental repeats (Figure 3.8. A). Repeats labelled R1, R2 

and R3 show an average reduction in CIZ1 protein levels by approximately 48%. All repeats 

together show a non-significant reduction in CIZ1 protein levels by approximately 33% (Figure 

3.8. B). Cells transfected with UBR5-GFP showed a non-significant reduction in percentage S 

phase cells by approximately 10% compared to GFP control (Figure 3.8. C, D). Flow cytometry 

analysis revealed a reduction in EdU signal intensity for UBR5-GFP transfected cells to GFP 

control (Figure 3.8. E) and quantitation revealed a reduction in percentage S phase by 

approximately 42% (Figure 3.8. F). The larger reduction in S phase cells observed by flow 
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cytometry analysis compared to fluorescence microscopy could be due to flow cytometry 

analysis measuring EdU intensity as opposed to fluorescence microscopy in which cells are 

simply scored as EdU positive or negative. As such flow cytometry can miss those cells that 

are in early S-phase with small diffuse replication foci and low overall fluorescence intensity. 

The reduction in EdU positive cells by both methods suggests a reduction in total replicating 

nuclei. In addition, the reduced fluorescence intensity for UBR5 transfected cells is consistent 

with less efficient initiation of DNA replication and reduced fork progression. Together, the 

results demonstrate a non-significant reduction in CIZ1 levels and EdU labelling after 

transfection with UBR5-GFP plasmid, however, further validation of UBR5-GFP 

overexpression would be required for conclusions to be drawn regarding the effect of UBR5 

on CIZ1 regulation. 

 
3.2.2. Detection of FBXO38-FLAG and UBE2O-FLAG expression by immunofluorescence and 

western blotting 
 
To determine if FBXO38 and UBE2O E3 ligases regulate CIZ1 protein levels, asynchronous 3T3 

cells were transfected with FBXO38-FLAG and UBE2O-FLAG plasmid. GFP was used as the 

control and GFP transfection efficiency was determined by fluorescence microscopy. 

Detection of FBXO38-FLAG and UBE2O-FLAG was determined by immunofluorescence 

microscopy 48 hours post-transfection. For the immunofluorescence, Anti-DDDDK tag (FLAG 

tag (abcam ab1162) primary antibody at a concertation of 1:100 and Alexa fluor 568 anti-

rabbit secondary antibody at a concertation of 1:2000 was used. Initially, as a control, non-

transfected asynchronous 3T3 cells were probed with primary and secondary antibody to 

determine primary antibody specificity. A minus primary antibody control was used to 

determine any cross-reactivity of the secondary antibody (Figure 3.9).  
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Figure 3.9. Validation of the anti-FLAG antibody by immunofluorescence. Asynchronous 3T3 
cells were transfected with GFP, UBE2O-FLAG and FBXO38-FLAG and harvested 48 hours post 
transfection. (A) Representative fluorescence microscope images show DNA stain (DAPI), GFP 
and merged images for GFP-transfected control. (B) Representative immunofluorescence 
images showing DNA stain (DAPI), FLAG and merged images. Cells were treated with Anti-
DDDDK tag (FLAG tag (abcam ab1162)) primary antibody (1:100) as indicated in the figure and 
Alexa fluor 568 anti-rabbit secondary antibody (1:2000).  
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Fluorescence microscopy of GFP-transfected control (Figure 3.9.A) was used to calculate 

transfection efficiency which was 44±3.5% (n=5) for FBXO38-FLAG transfection experiments 

and 48.9±8.1% (n=3) for UBE2O-FLAG transfection experiments. The immunofluorescence 

experiment showed the FLAG signal to be similar for UBE2O, FBXO38 and the non-transfected 

primary antibody control. The minus primary antibody control shows no detectable signal 

demonstrating that there is no cross-reactivity of the secondary antibody (Figure 3.9. B), this 

suggests there is non-specific binding of the primary antibody. As a result, transfection 

efficiency for UBE2O-FLAG and FBXO38-FLAG could not be calculated. To try and resolved the 

problem with non-specific binding of the primary antibody, a different primary antibody was 

used (Figure 3.10). The primary antibody Anti-FLAG (Sigma F2555) was used at a 

concentration of 1:125. 

Figure 3.10. Detecting FBXO38-FLAG by immunofluorescence. Representative fluorescence 
images of asynchronous 3T3 cells transfected with FBXO38-FLAG harvested 48 hours post 
transfection or non-transfected cells showing DAPI, FLAG and merged images. Cells were 
treated with Anti-FLAG (Sigma F2555) primary antibody (1:125) as indicated in the figure and 
Alexa fluor 568 anti-rabbit secondary antibody (1:2000). 
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The immunofluorescence revealed no detectable signal for FLAG in the FBXO38-FLAG 

transfected cells or non-transfected controls. This suggests that the transfection may not have 

been successful and therefore the FLAG-tagged E3 construct can’t be detected by 

immunofluorescence. Another explanation for the result includes a potential problem with 

the sensitivity of the primary antibody. As FBXO38-FLAG and UBE2O-FLAG were unable to be 

detected by immunofluorescence, protein samples were harvested 48 hours post 

transfection to detect FBXO38-FLAG and UBE2O-FLAG overexpression by western blot 

analysis (Figure 3.11).   

Figure 3.11. Detection of FBXO38-FLAG and UBE2O-FLAG by western blotting. (A) Western 
blot of asynchronous 3T3 cells transfected with GFP and UBE2O-FLAG, samples harvested 48 
hours post transfection. Blots were probed with FLAG (ab1162 abcam) and Actin antibodies. 
(B) as for A but for GFP and FBXO38-FLAG transfected cells. 
 

Western blot analysis revealed a faint band for UBE2O-FLAG and FBXO38-FLAG in the 

transfected cell populations suggesting that the expression of the constructs is very low, 

potentially as a result of low transfection efficiency. Furthermore, it could be possible that 

the anti-FLAG antibody concentration requires further optimisation. Additional controls 

including determination of transcript levels by quantitative reverse transcriptase PCR and 

optimisation of the transfection procedure are required to validate this approach and the 

observed results.  

 
3.2.3. Characterising the potential role of FBXO38 in regulating CIZ1 protein levels 
 
FBXO38 is an F-box protein, F-box proteins have many targets involved in cell cycle regulation 

(Bassermann et al., 2014). To determine if FBXO38 has a potential role in the regulation of 

CIZ1 protein levels, asynchronous 3T3 cells were transfected with FBXO38-FLAG plasmid or 

GFP control and harvested 48 hours post transfection. Figure 3.11 demonstrates a low level 
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of FBXO38-FLAG in the transfected cell population and the effect on CIZ1 protein levels was 

determined by western blot analysis. The effect on the cell cycle profile was determined by 

measuring EdU incorporation into nascent DNA by fluorescence microscopy and 

multiparameter flow cytometry (Figure 3.12). 

Figure 3.12. CIZ1 protein levels and DNA synthesis are reduced in 3T3 cells after transfection 
with FBXO38-FLAG. Asynchronous 3T3 cells were transfected with GFP and FBXO38-FLAG and 
harvested 48 hours post transfection. (A) Western blot of transfected cells probed with CIZ1 
and Actin antibodies, five experimental repeats shown (R1-5). (B) Quantitation of CIZ1 protein 
levels relative to actin load control, data presented as mean ± S.D, n=5. Significance measured 
using Mann Whitney test, p = 0.127. (C) Representative fluorescence microscope images 
show merged DNA stain (DAPI) and EdU of transfected cells. (D) Percentage S phase cells (EdU 
positive) in relation to all DAPI stained cells, presented as mean ± S.D., n=5. Significance 
measured using Mann Whitney test, p = 0.0635. (E) Multiparameter flow cytometry dot plot, 
EdU intensity (y axis) and Hoechst intensity (total DNA) (x axis) with G1, S and G2 populations 
labelled on the GFP control dot plot. (F) Quantitation of flow cytometry dot plot data, stacked 
bar chart shows percentage of cells in G1, S and G2/M as indicated.  
 
Transfection of 3T3 cells with FBXO38-FLAG resulted in a non-significant reduction in CIZ1 

levels by 35% compared to GFP control, with four out of five experimental repeats showing a 

reduction in CIZ1 protein levels (Figure 3.12. A, B). This reduction in CIZ1 levels was associated 

with a non-significant reduction in percentage S phase cells by ~ 10% for FBXO38-FLAG 

transfected cells (Figure 3.12. C, D). Quantitation of flow cytometry results shows that 
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transfection of 3T3 cells with FBXO38-FLAG reduced the number of S-phase cells by 

approximately 45%, relative to GFP control (Figure 3.12. E, F). Together, the results 

demonstrate a non-significant reduction in CIZ1 levels and EdU labelling after transfection 

with FBXO38-FLAG plasmid, however, further validation of FBXO38-FLAG overexpression 

would be required for conclusions to be drawn regarding the effect of FBXO38 on CIZ1 

regulation. 

 

3.2.4. Characterising the potential role of UBE2O in regulating CIZ1 protein levels 
 
UBE2O is a hybrid E2/ E3 and can mono-ubiquitinate, multi-ubiquitinate and polyubiquitinate 

substrates and therefore UBE2O can have roles in protein signalling, localisation and 

degradation (Ullah et al., 2018). To determine if UBE2O has a potential role in the regulation 

of CIZ1 protein levels, asynchronous 3T3 cells were transfected with UBE2O-FLAG plasmid or 

GFP control and harvested 48 hours post-transfection. Figure 3.11 demonstrates a low level 

of UBE2O-FLAG in the transfected cell population and the effect on CIZ1 protein levels was 

determined by western blot analysis and the effect on the cell cycle profile was determined 

by measuring EdU incorporation into nascent DNA by fluorescence microscopy and 

multiparameter flow cytometry (Figure 3.13). 
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Figure 3.13. CIZ1 protein levels and DNA synthesis are not reduced in 3T3 cells after 
transfection with UBE2O-FLAG. Asynchronous 3T3 cells were transfected with GFP and 
UBE2O-FLAG and harvested 48 hours post transfection. (A) Western blot of transfected cells 
probed with CIZ1 and Actin antibodies. (B) Quantitation of CIZ1 protein levels relative to actin 
load control, data presented as mean ± S.D, n=3.  Significance measured using Mann Whitney 
test, p = 0.7. (C) Representative fluorescence microscope images show merged DNA stain 
(DAPI) and EdU of transfected cells. (D) Percentage S phase cells (EdU positive) in relation to 
all DAPI stained cells, presented as mean ± S.D., n=3. Significance measured using Mann 
Whitney test, p = 0.7. (E) Multiparameter flow cytometry dot plot, EdU intensity (y axis) and 
Hoechst intensity (total DNA) (x axis) with G1, S and G2 populations labelled on the GFP 
control dot plot. (F) Quantitation of flow cytometry dot plot data, stacked bar chart shows 
percentage of cells in G1, S and G2/M as indicated.  
 
Transfection of 3T3 cells with UBE2O-FLAG resulted in a small, non-significant increase in CIZ1 

levels compared to GFP control (Figure 3.13. A, B). The large standard deviation could be a 

result of variation between the experimental repeats such as differences in transfection 

efficiency. EdU labelling by fluorescence microscopy showed minimal change in percentage S 

phase cells for UBE2O-FLAG transfected cells compared to GFP control (Figure 3.13. C, D). 

Flow cytometry analysis shows a low number of events on the dot plot (Figure 3.13. E), this 

was likely due to the low number of cells post-transfection. Flow cytometry analysis showed 

a reduction in EdU signal intensity by approximately 35% for UBE2O-FLAG transfected cells 
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compared to GFP control (Figure 3.13. F). The reduction in EdU intensity suggests less efficient 

DNA replication. The findings demonstrate a small increase in CIZ1 protein levels after 

transfection with UBE2O-FLAG, however, the overexpression of UBE2O-FLAG needs to be 

validated in future experiments to support this conclusion. 

 
3.2.5. Characterising the potential role of UBR5 in regulating CIZ1 protein levels at G1/S 
 
So far, the data suggests that CIZ1 protein levels may be regulated by CDK/ DDK activity at 

different phases throughout the whole cell cycle. The data for E3 transfection experiments in 

asynchronous 3T3 cells demonstrate that transfecting cells with UBR5-GFP or FBXO38-FLAG 

plasmids results in a non-significant decrease in CIZ1 protein levels. E3 transfection 

experiments were carried out in synchronised 3T3 cells to determine the effect on CIZ1 levels 

specifically at late G1/S. 3T3 cells were synchronised by release from G0. At the point of 

release from G0 the cells were transfected with UBR5-GFP or GFP control and protein samples 

harvested 24 hours post-transfection. The effect on CIZ1 protein levels was determined by 

western blot analysis. To determine the effect on DNA synthesis, CLICK-IT EdU fluorescent 

labelling was used to measure EdU incorporation into nascent DNA by fluorescence 

microscopy 16-24 hours post-release (Figure 3.14). 
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Figure 3.14. CIZ1 protein levels are reduced in synchronised 3T3 cells after transfection with 
UBR5-GFP. 3T3 cells were synchronised by release from G0, transfected at the point of 
release with UBR5-GFP or GFP control and harvested 24 hours post release. (A) Experimental 
overview.  Timeline shows entry into S phase after G0 release represented by the triangle, 
timings of transfection, EdU labelling and protein harvesting. (B) Representative fluorescence 
microscope images show DNA stain (DAPI), GFP and merged images for GFP-transfected 
control. (C) Western blot of transfected cells probed with CIZ1 and Actin antibodies. (D) 
Quantitation of CIZ1 protein levels relative to actin load control, n=1. (E) Percentage S phase 
cells (EdU positive) in relation to all DAPI stained cells 16-24 hours post release, n=1. 
 
Fluorescence microscopy of GFP-transfected control (Figure 3.14.B) was used to calculate 

transfection efficiency which was 71.4%. Transfection efficiency for UBR5-GFP could not be 

calculated due to the signal from the EdU labelling used to determine percentage S phase 

cells overlapping with the GFP signal. As both the EdU and GFP signal for UBR5-GFP 

transfected cells is nuclear, the overlap of signal made it difficult to determine transfection 

efficiency. Detection of UBR5-GFP was not possible by western blot, possibly due to 

unsuccessful transfection or due to the low cell number 24 hours post transfection meaning 

low levels of protein in the protein samples harvested. Western blot analysis revealed a 

reduction in CIZ1 protein levels by 33% for UBR5-GFP transfected cells compared to GFP 

control (Figure 3.14. C, D). The data is presented as n=1 due to obtaining a very low cell 

number 24 hours post transfection on other repeats resulting in no detectable signal on 

western blot analysis. The percentage cells in S phase for GFP-transfected and UBR5-

transfected cells is similar 16-24 hours post transfection (Figure 3.14. E). At 24 hours post 
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transfection, approximately 8% of cells were in S phase for the GFP transfected control, this 

is lower than the 35-40% of cells in S phase 24 hours post release seen in figure 3.2. This 

suggests that the transfection process has affected cell cycle re-entry and therefore the effect 

of transfecting cells with UBR5-GFP on the cell cycle can’t be determined. Further 

optimisation of synchronised cell transfections is required, including validation of UBR5-GFP 

overexpression, in order to gain further repeats to determine if UBR5 has an effect on CIZ1 

protein levels at G1/S of the cell cycle.  

 
3.2.6. Characterising the potential role of FBXO38 in regulating CIZ1 protein levels at G1/S 
 
To determine if FBXO38 effects CIZ1 levels in G1 phase, 3T3 cells were synchronised by release 

from G0. At the point of release from G0 the cells were transfected with FBXO38-FLAG or GFP 

control and protein samples harvested 24 hours post transfection. The effect on CIZ1 protein 

levels was determined by western blot analysis. To determine the effect on DNA synthesis, 

CLICK-IT EdU fluorescent labelling was used to measure EdU incorporation into nascent DNA 

by fluorescence microscopy 16-24 hours post release (Figure 3.15). 
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Figure 3.15. CIZ1 protein levels are not reduced in synchronised 3T3 cells after transfection 
with FBXO38-FLAG.. 3T3 cells were synchronised by release from G0, transfected at the point 
of release with FBXO38-FLAG or GFP control and harvested 24 hours post release. (A) 
Experimental overview.  Timeline shows entry into S phase after G0 release represented by 
the triangle, timings of transfection, EdU labelling and protein harvesting. (B) Representative 
fluorescence microscope images show DNA stain (DAPI), GFP and merged images for GFP-
transfected control. (C) Western blot of transfected cells probed with CIZ1 and Actin 
antibodies. (D) Quantitation of CIZ1 protein levels relative to actin load control, n=3. 
Significance measured using Mann Whitney test, p = 0.7. (E) Percentage S phase cells (EdU 
positive) in relation to all DAPI stained cells 16-24 hours post release, n=3. 
 
Fluorescence microscopy of GFP-transfected control (Figure 3.15. B) was used to calculate 

transfection efficiency which was 69±6.4%, n=3. The overexpression of FBXO38-FLAG was not 

able to be detected by western blot using FLAG or FBXO38 antibodies, possibly due to 

unsuccessful transfection or due to the antibodies not being able to detect the protein at low 

levels as a result of low cell numbers 24 hours post-transfection. Western blot analysis 

revealed no significant change in CIZ1 protein levels in the FBXO38-FLAG transfected cells 

compared to GFP control (Figure 3.15. C, D). The percentage S phase cells for the GFP control 

was low 24 hours post-transfection (Figure 3.15. E) which is consistent with that seen in the 

synchronised UBR5 transfection experiments further suggesting that the transfection process 

has affected cell cycle re-entry. The data shows that transfecting cells with FBXO38-FLAG at 
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G1/ S has no effect on CIZ1 protein levels, however further optimisation of the synchronised 

transfection protocol is required in order to validate that FBXO38-FLAG is being 

overexpressed and to determine if FBXO38 overexpression has an effect on the cell cycle.  

 
3.3. The ability of CDK/DDK inhibitors to induce apoptosis 
 
So far, the data shows that inhibition of CDK4/6, DDK, CDK2 and CDK1 results in a non-

significant reduction in CIZ1 levels. The overexpression of CIZ1 can contribute to several 

hallmarks of cancer including resisting cell death, anti-CIZ1 siRNA used to deplete CIZ1 levels 

has been shown to increase apoptosis in colorectal cancer cells (Yin et al., 2013). The aim of 

this section is to evaluate the ability of CDK and DDK inhibitors to induce apoptosis in 3T3 cells 

and retinoblastoma positive cancer cell lines including prostate cancer (PC3) cells and primary 

and metastatic human colorectal carcinoma (SW480 and SW620, respectively) cell lines. The 

presence of Rb means the cells have a functional restriction point. In G1, CDK4/6 

phosphorylates Rb leading to the release of E2F transcription factor and transcription of cyclin 

E and A leading to Rb hyperphosphorylation and passage through restriction point (Narasimha 

et al., 2014). Under conditions where Rb is not phosphorylated, cells will not progress through 

G1/S which can lead to G1 arrest. Cell cycle arrest can be reversible, or apoptosis can be 

induced (Rubin, 2013). Inhibitors of CDK4/6 (PD), DDK (PHA and XL-413) and CDK2 (CVT-313 

and Roscovitine) will be used in apoptosis assay studies to evaluate the ability to induce 

apoptosis in cancer cells. XL-413 is a Cdc7 inhibitor (Sasi et al., 2014) and Roscovitine inhibits 

CDK2 in addition to CDK1, CDK5, CDK7 and CDK9 (Taylor et al., 2004). These inhibitors were 

chosen due to preliminary work showing a reduction in CIZ1 levels and cellular proliferation 

in PC3, SW480 and SW620 cell lines (Pauzaite, 2019). 

 
3.3.1. 3T3 cells 
 
So far, the data on CDK inhibition shows that CIZ1 protein levels are reduced by CDK4/6, DDK, 

CDK2 and CDK1 inhibition in asynchronous 3T3 cells. Preliminary work has shown that 

inhibition of CDK4/6 (PD), DDK (PHA) and CDK2 (CVT-313) reduces S phase entry in 3T3 cells 

(Pauzaite, 2019). To determine if DDK/CDK inhibitors induce apoptosis in 3T3 cells, 

asynchronous 3T3 cells were treated with Dimethyl Sulfoxide (DMSO) solvent control, CDK4/6 

inhibitor (PD-0332991 (PD), DDK inhibitor (PHA-767491 (PHA), CDK2 inhibitors (CVT-313 and 
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CDK2-IN-73) and CDK1 inhibitor (Ro-3306) at a concentration of 10 µM for 24 hours. Cells 

were labelled with YO-PRO-1 which can selectively pass the plasma membrane of apoptotic 

cells. Cells were also stained with propidium iodide (PI), a dead cell stain, which is a membrane 

impermeant dye. Samples were analysed by flow cytometry (Figure 3.16). 

Figure 3.16. Quantitation of apoptotic cells after CDK and DDK inhibition in asynchronous 
3T3 cells. Asynchronous 3T3 cells were treated with DMSO, PD, PHA, CVT, Ro-3306 and CDK2-
IN-73 at a concertation of 10 µM for 24 hours, harvested and labelled with YO-PRO-1 and 
propidium iodide (PI). (A) Multiparameter flow cytometry dot plots, PI intensity (y axis) and 
YO-PRO-1intensity (x axis). Quadrant tool used to divide cell populations into live, early 
apoptotic and late apoptotic/ dead. Cells with low YO-PRO-1 and PI classified as live (purple), 
cells with high YO-PRO-1 and low PI classified as early apoptotic (blue) and cells with high YO-
PRO-1 and PI classified as late apoptotic/ dead (green). (B) Quantitation of live, early 
apoptotic and late apoptotic/ dead cells. 
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Flow cytometry analysis revealed that treatment with PD, PHA, CVT, Ro-3306 and CDK2-IN-

73 caused little change in early apoptotic and late apoptotic/ dead cells compared to the 

DMSO control. This suggests that the CDK and DDK inhibition for 24 hours may be causing cell 

cycle arrest as opposed to apoptosis. The results for PHA treatment show a small increase in 

late apoptotic/ dead cells compared to DMSO control by 4.43%, demonstrating a small 

proportion of cells being apoptotic with the majority remaining live. This suggests that the 

dual inhibition of Cdc7 and CDK9 increases apoptosis in 3T3 cells after 24-hours treatment.  

 
3.3.2. Cancer cell lines  
 
The ability of CDK and DDK inhibitors to induce apoptosis in Rb-positive cancer cells lines was 

assessed. Preliminary work found inhibition of DDK (PHA) and CDK2 (CVT-313 and 

Roscovitine) to significantly reduce CIZ1 protein levels in PC3 and SW480 cell lines and 

significantly reduce the number of cells in S phase in PC3, SW480 and SW620 cell lines 

(Pauzaite, 2019). To determine if small molecule kinase inhibition can induce apoptosis, PC3, 

SW480 and SW620 cells were treated with Dimethyl Sulfoxide (DMSO) solvent control, 

CDK4/6 inhibitor (PD), DDK inhibitors (PHA and XL-413) and CDK2 inhibitors (CVT-313 and 

Roscovitine) at a concentration of 10 µM (PD, PHA, CVT-313, XL-413) or 30µM (Roscovitine) 

for 24 hours and apoptosis followed using the VybrantTM Apoptosis Assay Kit YO-PRO-1/ 

Propidium Iodide. Samples were analysed by flow cytometry (Figure 3.17). 
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Figure 3.17. Quantitation of apoptotic cells after CDK and DDK inhibition in PC3, SW480 and 
SW620 cells. PC3, SW480 and SW620 cells were treated with DMSO, 10 µM PD, 10 µM PHA, 
10 µM CVT-313, 30 µM Roscovitine and 10 µM XL-413 for 24 hours, harvested and labelled 
with YO-PRO-1 and propidium iodide (PI). (A, B and C) Multiparameter flow cytometry dot 
plots, PI intensity (y axis) and YO-PRO-1intensity (x axis). Quadrant tool used to divide cell 
populations into live, early apoptotic and late apoptotic/ dead. Cells with low YO-PRO-1 and 
PI classified as live (purple), cells with high YO-PRO-1 and low PI classified as early apoptotic 
(blue) and cells with high YO-PRO-1 and PI classified as late apoptotic/ dead (green). (D, E and 
F) Quantitation of live, early apoptotic and late apoptotic/ dead cells. 
 
Treatment of PC3 cells with CDK and DDK inhibitors increased the number of late apoptotic/ 

dead cells, PHA caused the largest increase in late apoptotic/ dead cells by 26.8% followed by 

PD, Roscovitine and CVT-313 which caused an increase by 18.6%, 12.3% and 5.6%, 

respectively. The results suggest that the inhibition of CDK4/6, DDK and CDK2 are able to 

induce apoptosis in PC3 cells, however DDK inhibition with XL-413 does not induce apoptosis 

after treatment for 24 hours. These findings demonstrate a differential effect of the two DDK 
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inhibitors PHA and XL-413 that may reflect the off-target effects of each kinase, as they have 

very similar IC50 values for DDK in vitro (Koltun et al., 2012; Montagnoli et al., 2008). PD 

treatment increased the number of SW480 cells that were in late apoptosis/ dead by 6.3% 

suggesting inhibition of CDK4/6 may lead to an increase in apoptosis. All other kinase 

inhibitors did not increase apoptosis in SW480 and SW620 cells, however the high number of 

dead cells in the DMSO control for SW620 cells is not typically seen in this cell line (Ji et al., 

2011), and means it is difficult to accurately determine the effect of the inhibitors. The 

apoptosis assay should be repeated for SW620 cells to accurately evaluate the ability of 

CDK/DDK inhibition to induce apoptosis. Together, the results demonstrate that CDK4/6, DDK 

and CDK2 inhibitors increase apoptosis in PC3 cells with limited effect in SW480 and SW620 

cells suggesting cell line dependence of CDK/DDK inhibitors to induce apoptosis in cancer 

cells. 
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Chapter 4: Discussion
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4.1. CIZ1 levels are reduced by CDK/DDK inhibition 
 
CIZ1 has a role in facilitating the initiation of DNA replication (Copeland et al., 2010; Copeland 

et al., 2015; Coverley et al., 2005), this process must be highly regulated to ensure faithful 

replication of the genome. The overexpression of CIZ1 can promote tumourigenesis in a range 

of common cancers including breast, prostate, colorectal, gall bladder and hepatocellular 

carcinoma by contributing to the proliferation of cancer cells. The reduction of CIZ1 using 

siRNA and shRNA has been shown to reduce proliferation of cancer cells and reduce tumour 

size, these findings demonstrate that CIZ1 is a viable therapeutic target in cancer.  (Den 

Hollander and Kumar, 2006; Den Hollander et al., 2006, Lei et al., 2016; Liu et al., 2015; Wang 

et al., 2014; Wu et al., 2015; Yin et al., 2013; Zhang et al., 2014). There is evidence that CIZ1 

may have a tumour suppressor function at normal levels. CIZ1 (-/-) mouse embryonic 

fibroblasts show increased sensitivity to irradiation and increased susceptibility to viral 

oncogenesis (Nishibe et al., 2013). CIZ1-null female mice display lymphoproliferative 

disorders based on the role of CIZ1 in X chromosome inactivation (Ridings-Figueroa et al., 

2017; Stewart et al., 2019), this highlights the importance of regulation of CIZ1 proteostasis. 

The oncogenic role of CIZ1 overexpression emphasises the need to understand the molecular 

mechanisms that regulate CIZ1. 

 

The molecular mechanisms that regulate CIZ1 have not been fully determined. The role of 

phosphorylation in regulating CIZ1 activity in the initiation of DNA replication provided the 

basis for investigating the role of kinase mediated phosphorylation in the regulation of CIZ1 

proteostasis (Copeland et al., 2010; Copeland et al., 2015). Preliminary work has established 

a working model for CIZ1 regulation (Figure 1.9). The working model suggests that CIZ1 levels 

are regulated by opposing CDK/DDK phosphorylation and UPS mediated degradation. This 

model is based on the hypothesis that the CDK/DDK mediated phosphorylation of CIZ1 is 

required for stability and accumulation and protects from UPS mediated degradation. The 

model proposes that CIZ1 overexpression could result from an aberrant increase in kinase 

activity or loss of function/ down-regulation of the UPS. Furthermore, the model suggests 

that disturbing the equilibrium between phosphorylation and UPS mediated degradation 

could be used to reduce CIZ1 levels. Specifically, the use of CDK inhibitors, this would prevent 

the CDK-mediated phosphorylation of CIZ1 and facilitate UPS mediated degradation. The 
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modulation of CIZ1 levels could be of clinical benefit in tumours that are reliant on CIZ1 for 

growth.  

 
The effect of CDK/DDK inhibition on CIZ1 protein levels was assessed through small molecule 

kinase inhibition studies. Asynchronous and synchronous 3T3 cells were treated with CDK/ 

DDK inhibitors at a concentration of 10 µM. As this is a high concentration of inhibitor, it is 

important to consider the potential off-target effects of the inhibitors when using them at 

this concentration, such as off-target effects on other CDKs as well as other kinases within the 

cell. Nevertheless, the inhibition of CDK4/6 (PD), DDK (PHA) and CDK2 (CVT-313) resulted in 

a non-significant reduction in CIZ1 protein levels in asynchronous and synchronised cells at 

the G1/S transition.  Importantly, PHA has off-target effects and inhibits CDK2 with an IC50 of 

240nM (Montagnoli et al., 2008), this could contribute to the reduction in CIZ1 levels 

observed after treatment with PHA. This is consistent with previous work which found PHA 

to have inhibitory effects on CDK2 shown by a reduction of the phosphorylation of CIZ1 on 

the CDK2 phosphorylation site T293 (Pauzaite, 2019).  Inhibition of CDK1 (Ro-3306) resulted 

in a non-significant reduction in CIZ1 levels in asynchronous cells but not in synchronised cells, 

this is consistent with CDK1 being inactive during G1/S (Moiseeva et al., 2019; Potapova et 

al., 2009). The preliminary findings using the CDK1 inhibitor suggest CIZ1 is regulated by CDK1-

mediated phosphorylation, however, it has not yet been determined if CDK1 directly 

phosphorylates CIZ1. Together the findings suggest that CIZ1 may be regulated by CDK4/6, 

DDK and CDK2 during G1/S and CDK1 later in the cell cycle. 

 
Treatment of 3T3 cells with the CDK2 inhibitor CDK2-IN-73 resulted in no change to CIZ1 

protein levels or S phase entry, suggesting limited inhibition of CDK2. Importantly, the IC50 

of CDK2-IN-73 (44 nM) was determined in cell-free assays. In cellular assays, CDK2-IN-73 at a 

concentration of 30 µM had no effect on the growth of retinoblastoma proficient tumour cell 

lines (Coxon et al., 2017) suggesting that the potent inhibition of CDK2 seen in cell-free assays 

is unable to be translated to cellular assays. Furthermore, it is important to consider that 

different cell lines have different responsiveness to a given drug and this could explain why 

CDK2-IN-73 has shown no effect in 3T3 cells. Reasons why different cell lines can respond 

differently to a given drug include differences in drug transporters, alterations in the targeted 

pathway (upstream or downstream of target), alteration by mutation of the drug target and 
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efflux of the drug (Gottesman, 2002).  To further determine if CDK2-IN-73 has any inhibitory 

effect on CDK2 in 3T3 cells, the phosphorylation of known CDK2 targets could be quantified 

after treatment with CDK2-IN-73. Although CDK2-IN-73 displayed no effect on CIZ1 protein 

levels in this study, the CDK2 inhibitor CVT-313 reduced CIZ1 levels, this supports previous 

work demonstrating that CDK2 contributes to CIZ1 regulation (Pauzaite, 2019). Together, the 

small molecule kinase inhibition studies support the working model for CIZ1 regulation as 

inhibition of DDK/ CDK2 resulted in a reduction in CIZ1 levels. However, the reduction in CIZ1 

levels observed in the small molecule kinase inhibition studies was non-significant, therefore 

further repeats are required to support the findings from this study. 

 

4.2. The reduction in CIZ1 levels after DDK/CDK2 inhibition can be recovered by inhibiting 
the proteasome 

 
The potential role of the UPS in CIZ1 degradation following CDK/ DDK inhibition was assessed 

in asynchronous and synchronised cells. The inhibition of CDK4/6, DDK and CDK2 resulted in 

a more efficient reduction of CIZ1 levels in cells at the G1/S transition compared to 

asynchronous cells. In addition, proteasomal inhibition resulted in a more efficient reversal 

of CIZ1 degradation in cells at the G1/S transition. This is consistent with the phase of the cell 

cycle where the activity of the kinases is maximal. Furthermore, the treatment of 

asynchronous cells with kinase inhibitors for 6 hours may not be sufficient time for the 

degradation of CIZ1.  

 

In synchronised cells, inhibition of DDK and CDK2 resulted in a non-significant reduction in 

CIZ1 levels, this effect was reversed by proteasomal inhibition. Inhibition of CDK4/6 with PD 

resulted in a non-significant reduction in CIZ1 levels, however this effect was not reversed by 

proteasomal inhibition. This suggests that there are potentially two distinct mechanisms, 

either proteasome independent or dependent, that mediate the reduction in CIZ1 protein 

levels observed after CDK4/6 inhibition and DDK/CDK2 inhibition, respectively. CDK4/6 

inhibition may be affecting cells that have not passed restriction point. In quiescent release 

experiments cells re-enter the cell cycle in a pre-restriction point state with 

hypophosphorylated Rb (Moser et al., 2018; Spencer et al., 2013), 40-50% of cells release into 

the cell cycle, the remainder stay in G0/G1. It may be that inhibition of CDK4/6 promotes 

stalling of some cells in a pre-restriction point state not seen in control cells. Therefore, 
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inhibition of CDK4/6 may reduce the number of cells that enter S-phase and prevent CIZ1 

accumulation. Therefore, proteasome inhibition would have no effect on CIZ1 protein levels 

that are reduced by inhibition of CDK4/6. The second potential mechanism for CIZ1 reduction 

includes UPS-mediated degradation as proteasomal inhibition successfully recovered CIZ1 

levels reduced by DDK/CDK2 inhibition. Importantly, PD would not affect the activity of DDK 

and CDK2, suggesting that it is the DDK/CDK2 mediated phosphorylation of CIZ1 that provides 

the protection from UPS mediated degradation. Although more repeats are required to 

support the findings, the data suggests that DDK and CDK2 inhibition facilitates the 

proteasomal-mediated degradation of CIZ1 and supports the working model for CIZ1 

regulation (Figure 1.9). 

 

The working model for CIZ1 regulation (Figure 1.9) suggest that dysregulation of DDK or CDK 

kinase or UPS activity could lead to the loss of tight control of CIZ1 levels, an aberrant increase 

in kinases activity or loss of function/ down regulation of the UPS can result in CIZ1 

overexpression and promote tumourigenesis. The ability of CDK inhibitors to potentially 

facilitate the UPS mediated degradation of CIZ1 provides an avenue for reducing CIZ1 levels 

in CIZ1-dependent cancers. The working model suggests that CDK inhibitors could be 

repurposed to shift the equilibrium of CIZ1 regulation towards UPS mediated degradation. 

The degradation of CIZ1 after kinase inhibition would be dependent on a functional UPS, this 

highlights the importance of identifying the E3 ligases that potentially target CIZ1 for 

degradation. 

 

4.3. Characterisation of the putative E3 ligases that potentially regulate CIZ1 protein levels 
 
The ubiquitin proteasome system is a protein degradation system, K48-linked poly-

ubiquitylation of protein substrates mediates proteasomal degradation (Morimoto and 

Shirakawa, 2016). The activities of E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating 

enzymes and E3 ubiquitin ligases are required in the processes of attaching ubiquitin to the 

target substrate (Stewart et al., 2016; Streich and Lima, 2014). The role of the E3 ligase is to 

provide high substrate specificity (Galdeano, 2017; Weber et al., 2019). Previous work 

identified three putative E3 ligases that may regulate CIZ1 including UBR5, FBXO38 and 

UBE2O (Pauzaite, 2019). Here, to characterise the E3 ligases that may target CIZ1 for 
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degradation, 3T3 cells were transfected with UBR5-GFP, FBXO38-FLAG or UBE2O-FLAG 

plasmid and the effect on CIZ1 levels was determined.  

 

A major limitation with the transfection experiments was validating the expression of the E3s. 

For UBR5-GFP, UBR5 expression was unable to be detected by western blot using anti-GFP 

and anti-UBR5 antibodies. For FBXO38-FLAG and UBE2O-FLAG, the expression of these E3s 

was unable to be detected by immunofluorescence using anti-FLAG antibodies, however, the 

western blot data suggested a very low level of expression of the E3s based on a faint band 

on the blot. It is important to consider the different possibilities for these findings. For 

example, when using antibodies, detection problems can arise due to problems with antibody 

sensitivity and specificity as well as not using optimal antibody concentrations. It is important 

to validate the antibodies in future work, for example by using positive and negative controls 

to ensure the antibody can detect the target protein. Furthermore, it is also important to 

consider that the difficulty in validating E3 expression may simply be due to limited success 

of transfections as 3T3 cells are a cell line that is difficult to transfect (Cao et al., 2019). In 

addition, other factors that may have influenced transfection efficiency include cell viability, 

cell density, passage number, and quality of the plasmid DNA (Fus-Kujawa et al., 2021; 

Kucharski et al., 2021). For synchronised transfection experiments, validation of E3 expression 

was unsuccessful, in addition, the ability of cells to re-enter the cell cycle after release from 

G0 was limited. This is likely due to contact inhibition, serum starvation, and transfection all 

being stress-inducing thereby limiting the ability of cells to successfully re-enter the cell cycle. 

This demonstrates the need for optimisation of the transfection protocol. 

 

Although there was difficulty validating the expression of the E3s, the findings from this study 

show that transfecting cells with UBR5-GFP or FBXO38-FLAG plasmid resulted in a non-

significant reduction in CIZ1 protein levels and the number of cells in S phase, furthermore 

UBR5 appeared to have an effect at G1/S whilst FBXO38 did not. In contrast, transfecting cells 

with UBE2O-FLAG did not affect CIZ1 levels but resulted in a non-significant reduction in the 

number of cells in S phase. It is also important to consider that the E3s target other proteins 

involved in the cell cycle (Cipolla et al., 2019; Munoz et al., 2007; Shearer et al., 2015; Ullah 

et al., 2018) which could have an effect on cell cycle profile. These findings are preliminary 

and future studies would need to both validate E3 expression and investigate the effect on 
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CIZ1 levels in asynchronous and synchronous cells before valid conclusions can be made 

regarding the potential role of each of the E3s in the regulation of CIZ1 protein levels.  

 
4.4. Cytotoxic effects of CDK/DDK inhibitors 
 
CDK and DDK inhibitors have been shown to reduce CIZ1 protein levels in this study. The 

depletion of CIZ1 has previously been observed to induce apoptosis in cancer cells (Yin et al., 

2013). The ability of CDK and DDK inhibitors to induce apoptosis was assessed in 3T3 cells and 

retinoblastoma positive cancer cell lines. Rb proficient cells have a functional restriction point, 

therefore under conditions of Rb hypophosphorylation the cells can arrest in G1 (Rubin, 2013; 

Yen and Sturgill, 1998).  

 

The apoptosis assays revealed that CDK and DDK inhibitors had limited effect on inducing 

apoptosis in 3T3 cells. Previous work in 3T3 cells has shown kinase inhibition to reduce S phase 

entry (Pauzaite, 2019), together this suggests that the inhibitors cause cell cycle arrest in G1. 

DDK inhibition (PHA) resulted in a small increase in late apoptotic/ dead cells, the more potent 

effect of PHA compared to the other inhibitors is consistent with previous work which found 

PHA treatment to be the most efficient at reducing S phase entry in 3T3 cells (Pauzaite, 2019). 

The findings could be attributed to the inhibitory effects of PHA on CDK2 with an IC50 of 

240nM (Montagnoli et al., 2008).  The ability of PHA to induce apoptosis may be a result of 

inhibition of CDK9. CDK9 phosphorylates RNA Polymerase II, therefore inhibition of CDK9 can 

affect transcription resulting in a depletion of proteins (Parua et al., 2020; Natoni et al., 2013). 

Overall, kinase inhibition has limited effect on increasing apoptosis in 3T3 cells and instead 

may induce cell cycle arrest. 

 

The CDK and DDK inhibitors displayed differential effects on increasing apoptosis in PC3, 

SW480 and SW620 cancer cell lines. In prostate cancer cells (PC3), treatment with CDK4/6 

(PD), DDK (PHA) and CDK2 inhibitors (CVT-313 and roscovitine) increased the number of late 

apoptotic/ dead cells compared to the control demonstrating a cytotoxic effect. The DDK 

inhibitor XL-413 had no effect on increasing apoptosis. PHA and XL-413 inhibit DDK with an 

IC50 of 10nM and 3.4nM, respectively (Koltun et al., 2012; Montagnoli et al., 2008). The ability 

of PHA to increase apoptosis could reflect the off-target effects on CDK2 in addition to the 

ability of PHA to inhibit CDK9 (Montagnoli et al., 2008). The two CDK inhibitors roscovitine 
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and CVT-313 increased apoptosis, however roscovitine had a more potent effect, this is 

consistent with published work suggesting that the inhibition of CDK9 by roscovitine is 

important for the increase in apoptosis in PC3 cells (Mohapatra et al., 2009).  These findings 

demonstrate that kinase inhibition is effective at increasing apoptosis in PC3 cells. PC3 cells 

are androgen independent, prostate cancers are typically androgen-dependent to begin with 

and androgen deprivation therapy can increase the rate of apoptosis in androgen-responsive 

prostate cancer cells. Patients can develop androgen-independent prostate cancer in which 

androgen deprivation is unable to increase the rate of apoptosis (Saraon et al., 2014). 

Published work supporting the findings from this study demonstrate the ability of CDK 

inhibitors to induce apoptosis in PC3 cells due to the effect of CDK inhibitors on caspase 

activation (Arisan et al., 2014). Together, the findings demonstrate possible clinical 

applications of kinase inhibitors in prostate cancer. 

 

Treatment of primary and metastatic colorectal cancer cells (SW480 and SW620, respectively) 

with kinase inhibitors had minimal effect on increasing the rate of apoptosis. The CDK4/6 

inhibitor caused a small increase in apoptosis in SW480 cells, this finding is consistent with 

published work demonstrating CDK4 inhibition can lead to an increase in the number of 

SW480 cells in sub-G1 (Tetsu and McCormick, 2003). Previous work has shown DDK and CDK2 

inhibition to reduce S phase entry in SW480 and SW620 cells (Pauzaite, 2019) suggesting 

possible G1 arrest in response to kinase inhibitors. DDK and CDK2 inhibitors reduce CIZ1 

protein levels in SW480 cells, however growth and proliferation appear to be independent of 

CIZ1, this is in contrast to PC3 cells which are dependent on CIZ1 for cellular proliferation and 

viability (Pauzaite, 2019). Differences between the cell lines has also been observed in this 

study which found DDK and CDK inhibitors to increase apoptosis in PC3 cells with limited 

effect in SW480 cells. Together, the findings demonstrate that kinase inhibition could be used 

to reduce CIZ1 protein levels in PC3 cells with possible clinical applications. 

 
 
4.5. Implications of the work  
 
The work has evaluated the efficacy of CDK/DDK inhibitors to reduce CIZ1 levels and the role 

of the UPS in the degradation of CIZ1. The findings from this study support the working model 

in which CDK/ DDK inhibitors can reduce CIZ1 levels. Future studies need to validate these 
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findings and demonstrate that the effect can be translated to cancer cells. Furthermore, the 

data from apoptosis assays suggests possible clinical applications of CDK inhibitors, in 

particular the ability of CDK inhibitors to increase apoptosis in prostate cancer cells. Further 

repeats of CDK inhibition studies are required in asynchronous and synchronous cells to 

validate which DDK/ CDKS can be inhibited to effectively reduce CIZ1 levels. The 

advancements in the selectivity of CDK inhibitors has increased the efficacy of their use in 

cancer treatment (Asghar et al., 2015). Palbociclib is an FDA approved CDK4/6 inhibitor and 

used as first-line treatment for advanced post-menopausal ER+/HER2- breast cancer (Beaver 

et al., 2015). Abemaciclib (Verzonio) and ribociclib (Kisqali) are also FDA approved CDK4/6 

inhibitors and used in the treatment of HR+/HER2- advanced or metastatic breast cancer 

(Eggersmann et al., 2019). The current use of CDK inhibitors in cancer treatment 

demonstrates that CDKs are a viable drug target.  

 

The findings from this study suggest that CIZ1 levels can be reduced by inhibition of DDK/ 

CDK2 and this is dependent on a functional UPS. If future work could support these findings, 

the E3s that target CIZ1 could be used as biomarkers for patient stratification when 

determining which patients would benefit from CDK inhibitors as a strategy to reduce CIZ1 

levels. This highlights the importance of optimisation of asynchronous and synchronous 

transfection experiments in future work, in addition to the use of alternative experimental 

strategies to characterise the E3s that potentially target CIZ1. Together with CDK/ DDK 

inhibition studies, this would help to determine which CDK/DDKs and E3s regulate CIZ1 and 

thereby help to understand how CDK/ DDKS can be effectively targeted in cancer. 

 
4.6. Future directions 
 
To progress this area of research further, future experiments should address the limitations 

of this study and aim to further increase understanding of how CIZ1 protein levels are 

regulated. In this study, 3T3 cells were used as the model cell line as this is the model system 

used to identify the putative regulators of CIZ1 (Pauzaite, 2019).  However, it is important to 

keep in mind that 3T3 cells are fibroblastic. Solid tumours, including those mentioned 

throughout this project, are generally of epithelial origin, therefore it may be beneficial for 

future studies to use epithelial cells as the model cells, for example, Human Embryonic Kidney 

(HEK) cells. 
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For the CDK inhibition experiments, a limitation was that inhibition of the DDK/CDKs was not 

validated. It would be beneficial for future experiments to have additional controls in order 

to validate inhibition of the CDKs following DDK/ CDK inhibitor treatment. This could be 

achieved by looking at the phosphorylation status of known targets of the DDK/ CDKs 

following the addition of the inhibitors. Furthermore, future studies should determine 

whether the DDK/ CDKs can be inhibited using a lower concentration of inhibitor than 10 µM 

in order to reduce off-target effects associated with using a high concentration. 

 

Some experiments in this study used synchronised cells in order to specifically look at CIZ1 

levels at G1/S. The synchronisation of cells was checked by following the number of cells 

entering S-phase after release from quiescence. This was achieved by monitoring EdU 

incorporation into nascent DNA 16-24 hours after G0 release. This technique does not directly 

measure if cells entered G0 following contact inhibition and serum starvation. This could be 

achieved by measuring the levels of p27 or cyclin D as they are both often used as markers of 

quiescence. Alternatively, flow cytometry could be used to determine the percentage of cells 

in G0/G1 (Matson et al., 2019). This would help to validate whether cells successfully entered 

G0 following contact inhibition and serum starvation. Furthermore, the transfection of 

synchronised cells had limited success in this study, possibly due to the cells undergoing 

several stress-inducing processes such as contact inhibition and serum starvation followed by 

transfection. Future studies could try to transfect the cells with plasmid then synchronise the 

cells, this may be less stress-inducing and thereby increase the chance of the synchronised 

transfections being successful.  

 

For the E3 transfection experiments, a major limitation was validating the expression of the 

E3s. An important consideration when validating UBR5-GFP expression by fluorescence 

microscopy is that a non-transfected control would be required in order to determine the 

level of autofluorescence of 3T3 cells. This is important as different exposure times were used 

when imaging GFP and UBR5-GFP transfected cells, therefore it is important to consider 

autofluorescence, as well as channel bleed through, when using longer exposure times. It may 

be beneficial for future studies to use confocal microscopy to image the transfected cells as 

autofluorescence and cross-talk between two fluorophores are typically reduced using 
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confocal microscopy (Jonkman et al., 2020). In addition to fluorescence microscopy, this study 

used techniques such as western blotting and immunofluorescence to detect E3 expression. 

The success of these methods is dependent on antibodies that can successfully detect the 

target protein. Future studies could look at validating the expression of the E3s through the 

use of a different technique that is not reliant on an antibody for detection. For example, 

quantitative PCR (qPCR) could be used to quantify transcript abundance of the E3s following 

transfection. In addition to possible problems with detection methods, it is also important to 

consider that the difficulty in validating E3 expression may be a result of the transfections 

having limited success with potentially only very low transfection efficiency. Therefore, 

optimisation of the transfection protocol or use of a model cell line that is considered easy to 

transfect would be beneficial in the future. HEK293 cells are considered a cell line that is easy 

to transfect (Yuan et al., 2018). Validating E3 expression is important so conclusions can be 

made regarding the potential role of the E3s in regulating CIZ1 levels. 

 
In this study, the transfection experiments were performed to determine if any of the E3(s) 

have a potential role in the regulation of CIZ1 protein levels, however, this type of experiment 

does not determine if any of the E3s directly ubiquitylate CIZ1. This could be achieved in 

future experiments by overexpressing the E3s and evaluating CIZ1 ubiquitination using 

denaturing immunoprecipitation, this technique disrupts protein-protein interactions and 

leaves only covalent bonds thereby allowing retrieval of ubiquitylated target protein 

(Hasanov et al., 2017). Therefore, this technique can be used to determine if any of the 

putative E3s specifically ubiquitylate CIZ1.  

 
Finally, future studies should investigate the role of other potential regulators on CIZ1 levels. 

It is possible that the regulation of CIZ1 also involves the activities of phosphatases and de-

ubiquitinating enzymes (DUBs). Previous work has shown that protein phosphatase 1 (PP1) 

and protein phosphatase 2A (PP2A) are involved in the de-phosphorylation of CIZ1 (Pauzaite, 

2019). Identification of the DUBs involved in CIZ1 regulation could be achieved by biochemical 

approaches including in vitro deubiquitylation assays. Deregulation of phosphatase or DUB 

activity could promote CIZ1 accumulation, therefore phosphatases and DUBs may also 

represent therapeutic targets for reducing CIZ1 levels.  
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4.7. Concluding remarks 
 

To conclude, this work has found that CIZ1 protein levels can be reduced by inhibition of 

CDK4/6, DDK, CDK2 and CDK1. Furthermore, inhibition of DDK and CDK2 potentially facilitate 

the UPS-mediated degradation of CIZ1. The E3 transfection studies highlighted problems that 

need troubleshooting in future work, in particular, validation of E3 expression. Despite this, 

preliminary findings show that transfecting 3T3 cells with UBR5-GFP or FBXO38-FLAG can 

reduce CIZ1 levels, however, valid conclusions regarding their role in CIZ1 regulation are 

unable to be made without validation of their expression. The findings from the apoptosis 

assays demonstrate a cytotoxic effect of DDK and CDK inhibitors in PC3 cells which 

demonstrates the potential clinical applications of kinase inhibitors in cancer cells. Together, 

the findings from this study suggest that the molecular pathways that regulate CIZ1 could be 

manipulated to reduce CIZ1 levels, however, the findings are preliminary and future work is 

essential to both validate the findings from this study and progress the research further. 
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