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Abstract 

Cip1-interacting zinc finger protein 1 (CIZ1) is a nuclear matrix protein that forms large 

sub-nuclear assemblies at the inactive X chromosome (Xi) in females, and smaller 

assemblies throughout the nucleus in males and females. CIZ1 is linked with 

maintenance of histone modifications that specify facultative heterochromatin, and is 

extensively mis-expressed in human cancers, including under-expression, over-

expression, and mis-splicing events. 

Here, I describe uncoupled expression of the CIZ1 N-terminal replication domain and C-

terminal anchor domain (AD), leading to over-expression of AD amplicons in breast 

cancer and derived cell lines. Modelling over-expression of the AD in murine cells led to 

observed dispersal of endogenous CIZ1 assemblies at the Xi. Therefore, AD fragments 

appear to have dominant negative (DN) activity, and these DN effects coincide with 

H2AK119ub1 and H3K27me3 loss from Xi chromatin. 

Further analysis revealed that DN effects occur in early G1, when new CIZ1 assemblies 

normally reform at the Xi after mitosis. A mutagenesis screen identified the matrin 3-

homology domain as important for the DN effect on endogenous CIZ1 assemblies, and 

for stable self-interaction to form a homo-dimeric complex in vitro, suggesting that DN 

interference involves disruption of CIZ1 dimers. 

Additionally, I investigated the CIZ1B variant that is prevalent in lung cancer. I show that 

exclusion of part of the acidic domain in CIZ1B does not influence dimerisation. However, 

a mass spectrometry interaction study revealed increased and decreased affinity for 

protein interaction partners in the C-terminus of CIZ1B compared to wild-type, most 

notably CIZ1B had a reduced ability to bind to linker histones and DNA damage response 

associated proteins. 

These observations suggest that CIZ1 could be implicated in mechanisms for protection 

of the genome and epigenome, and that aberrant expression of CIZ1 in early-stage 

cancers could therefore contribute to genome-wide loosening of gene repression, and a 

move toward epigenetic decay. 
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1. Introduction 

In mammalian cells there are many well-studied regulatory mechanisms in place to 

ensure homeostasis is achieved and that cells remain healthy. Their corruption can lead 

to development of a plethora of different pathologies, including cancer. Cancer is defined 

as disease caused by uncontrolled division of abnormal cells, leading to the development 

of tumours. If left untreated tumours can go on to metastasise to other locations in the 

body, and when this occurs patient outcomes become poor, and mortality is high. 

Whilst all cells in an individual should have the same genome, the epigenome of 

individual cells is modified depending on cell type, and in response to stimuli or 

throughout ageing (Murrell et al., 2005). The epigenome can dynamically alter gene 

expression via modification of DNA, or associated proteins, and in cancer it is often 

corrupted (Sharma et al., 2010). Epigenome corruption can be caused by environmental 

exposures (Bai et al., 2018) or genetic mutations in the epigenetic machinery (Baylin and 

Jones, 2011), indeed three of the top ten most commonly mutated genes in cancer play 

roles in histone modification or histone remodelling (Mendiratta et al., 2021). This makes 

it of interest in cancer research, since clinal applications can be far reaching. 

Cip1-interacting zinc finger protein 1 (CIZ1), has been implicated in epigenetic 

maintenance, and its loss in early passage embryonic fibroblasts was associated with a 

loss of repressive epigenetic histone modifications, leading to altered gene expression 

(Stewart et al., 2019). In addition to this, aberrant CIZ1 expression has been extensively 

implicated in tumourigenesis, these alterations are variable and include over-expression, 

under-expression and alternative splicing, however how these are implicated in disease 

remains unknown. 

The main focus of my PhD work was to further profile CIZ1 expression early in 

tumourigenesis in breast and lung cancer, and to attempt to deconvolute the potential 

impact of changes, in relation to cancer initiation or development. Here, I outline 

concepts and literature relevant to the function of CIZ1, followed by a detailed description 

of the known roles of CIZ1 and its interacting partners with respect to its characterised 

domains and regions. Finally, details of aberrant CIZ1 expression that have been 

associated with pathology are documented, to highlight the breadth of altered CIZ1 

expression that has been observed to date. 

  



 17 

1.1. The cell cycle 

1.1.1. Stages of the cell cycle 

To facilitate the development of a multicellular organism, cells must be able to grow, 

divide and respond to differentiation cues. Production of two daughter cells involves 

progression through gap 1 (G1), when a newly divided cell increases in size, replicates 

its organelles in preparation for the downstream stages of the cell cycle, and receives 

growth promoting or growth inhibitory signals. In synthesis (S) phase DNA is replicated 

to create two chromatids for each chromosome, and in gap 2 (G2) it resolves problems 

in preparation for chromatid division and cytokinesis at mitosis (M) to create two daughter 

cells (Figure 1.1). The non-mitotic stages of the cell cycle (G1, S and G2) as a collective 

is referred to as interphase. There are at least three independent checkpoints in the cell 

cycle that ensure that no errors are propagated through to the next stage. These occur 

in late G1 to check for DNA damage prior to DNA replication; G2 to check for replication 

errors that occurred in S phase; and in M phase to ensure the chromosomes have 

aligned properly prior to segregation. If errors or incomplete assembly of underpinning 

structures are detected, the cell will normally either correct the errors and continue 

through the cycle, or initiate programmed cell death via apoptosis. Failure to accurately 

execute this decision can cause emergence of corrupted cell lineages.  

However, most cells in the body are not actively cycling. If replication is not required, the 

cell can reversibly exit the cell cycle in G1, prior to the G1 checkpoint, into G0. In this 

state cells are referred to as quiescent cells and include adult stem cells, lymphocytes, 

hepatocytes and oocytes (Marescal and Cheeseman, 2020). 

 
Figure 1.1. The cell cycle 

Stages of the cell cycle. The cycle can be thought of as starting in gap 1 (G1), followed 

by synthesis (S) phase, then gap 2 (G2) and mitosis (M). The size of each segment is 

reflective of the approximate time a cell in culture spends in each phase, though this can 

vary significantly. Stars reflect the approximate timing of the checkpoints.   
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Mitosis is categorised into distinct phases based on the condensation state of 

chromosomes. Chromosomal changes were first formally documented by Walther 

Flemming (Flemming, 1879), which he subsequently named “mitosis”, based on the 

Greek word for thread in reference to the chromosomes appearance. Additionally Eduard 

Strasburger coined some of the names of the different mitotic stages that are used today 

(prophase, metaphase and anaphase) (Strasburger, 1883). Today, we further 

breakdown the stages of mitosis into: prophase, prometaphase, metaphase, anaphase, 

telophase and cytokinesis, illustrated below in Figure 1.2.  

 

 

Figure 1.2. The stages of mitosis 

Prophase - the chromatin begins to compact, the centrosomes begin to migrate to 

opposite poles, and the nuclear envelope starts to break down. Prometaphase - the 

nuclear envelope has fully broken down, the chromosomes are moved apart and begin 

progressing towards the metaphase plate, and microtubules that form the spindle fibres 

are also polymerising towards the middle of the cell. Metaphase - the chromosomes are 

aligned perpendicular to the spindle fibres, and each sister chromatid is attached via its 

respective kinetochore to microtubules that connect to the centrosomes at opposite 

poles of the cell. The mitotic checkpoint is conducted to ensure the chromosomes are 

aligned properly and that there are no problems with the segregation machinery. 

Anaphase - the sister chromatids are pulled towards the spindle poles, whilst 

simultaneously the spindle poles move further apart, thus facilitating full chromosome 

segregation. Telophase - two nuclear envelopes reform around the segregated 

chromosomes, and the DNA begins to decondense. Cytokinesis - the cytoplasm is 

divided by a contractile ring into two daughter cells, each containing a nucleus with the 

correct number of chromosomes.  
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1.1.2. Cyclins and cyclin dependent kinases in G1/S progression 

Cyclin dependent kinases (CDKs), as their name suggests, are inactive until bound to 

their cyclin counterparts. Expression of cyclins controls the timing of activation of the 

CDKs whose expression is relatively consistent throughout the cell cycle (Obaya and 

Sedivy, 2002). Cyclin binding causes conformational changes to the CDK substrate site 

and removal of a blockade at the entrance (Jeffrey et al., 1995, Russo et al., 1996). 

Different cyclin/CDK complexes control specific stages of the cell cycle, presented in 

Figure 1.3. The canonical model of G1/S progression suggests that in G1 cyclin D is 

produced in response to growth factors (Baldin et al., 1993), and activates CDK4/6 to 

target the retinoblastoma protein (pRb) (Kato et al., 1993). pRb arrests cells in G1 via 

suppression of the E2F transcription factor, which is responsible for (but not limited to) 

transcription of DNA polymerase, proliferating cell nuclear antigen (PCNA), cyclin E and 

cyclin A (DeGregori et al., 1995). When cells are arrested pRb is complexed with histone 

deacetylase (HDAC) and the hSWI/SNF nucleosome remodelling complex to maintain 

gene repression. Subsequently the cyclin D/CDK4/6 complex phosphorylates pRb, 

which leads to derepression of cyclin E expression (Zhang et al., 2000). This model is 

supported by the observation that cyclin E expression peaks in G1 prior to cyclin A (Koff 

et al., 1992). Next cyclin E/CDK2 and cyclin A/CDK2 hyperphosphorylate pRb to fully 

overcome pRb mediated suppression (Hinds et al., 1992). This stepwise phosphorylation 

is supported by the observation that there are different phosphorylation sites on pRb that 

are targeted by cyclin D/CDK4/6 and cyclin A/E/CDK2 (Kitagawa et al., 1996, Zarkowska 

and Mittnacht, 1997). Recent studies show that cyclin D/CDK4/6 is responsible for initial 

pRb inactivation which leads to a gradual increase in CDK2 activity, but whilst CDK2 

activity is low cells can exit G1. Then when cyclin E/CDK2 activity reaches a threshold 

there is a switch where cells commit to progressing to the G1/S transition (Kim et al., 

2022). 

Here I have outlined the canonical model for cyclin/CDK timing and involvement at the 

G1/S transition, but there are still multiple unknowns and some experimental evidence 

that provides conflicting information, which is described in detail in a recent review (Rubin 

et al., 2020).  
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1.1.3. Cyclins and cyclin dependent kinases in S, G2 and M phase 

Cyclin A has been shown to be required for both DNA synthesis in S phase and for entry 

into mitosis, by binding to CDK2 and CDK1 respectively (Pagano et al., 1992). Early in 

G2 cyclin A/CDK2 is implicated in the pathway that downregulates checkpoint kinase 1 

(Chk1), thus allowing entry to mitosis (Oakes et al., 2014), and a cyclin A/CDK1 

phosphorylation pathway is responsible for de-phosphorylation and subsequent 

activation of cyclin B/CDK1 which drives mitotic entry (Vigneron et al., 2018). During 

mitosis both cyclin A and cyclin B are targeted by the anaphase promoting 

complex/cyclosome (APC/C) for destruction via the ubiquitination pathway (Sudakin et 

al., 1995). This occurs in a stepwise manner, with destruction of cyclin A in 

prometaphase (den Elzen and Pines, 2001), then cyclin B in metaphase (Clute and 

Pines, 1999), to allow progression and exit out of mitosis. 

1.1.4. CIZ1 and p21 involvement in cell cycle regulation 

Initiation of programmed cell death in response to checkpoint activation in G1 is carried 

out by many proteins, but a key one to highlight here is p21, which is induced by p53. 

p53 has been dubbed the “guardian of the genome” and is a key tumour suppressor 

(Lane, 1992), and mutations in TP53 (the gene encoding p53) are the most common 

mutation in tumours (Kandoth et al., 2013). If DNA damage is detected, p53 upregulates 

expression of p21, and early work showed that p21 inhibits all CDK2 complexes (Harper 

et al., 1993). Follow up work confirmed that p21 effectively inhibited CDK2, CDK4, and 

CDK6, and less effectively inhibited CDK1 (Harper et al., 1995). Notably, in CDK2 

knockout (KO) mice, CDK1 was prematurely translocated to the nucleus, and able to 

compensate to facilitate G1/S progression. Under these circumstances, upon DNA 

damage induced by gamma irradiation, p21 effectively arrested cells via inhibition of 

CDK1 (Satyanarayana et al., 2008). This suggests that p21 inhibition is effective within 

particular phases of the cell cycle (G1 and S), rather than being selective against 

particular cyclin:CDK complexes. This p21 mediated inhibition allows the cell to prohibit 

cell cycle progression, so that repair or apoptosis can take place. Conversely to p53, 

Cip1-interacting zinc finger protein 1 (CIZ1) has been suggested to be modulating the 

repressive role p21 plays in cell cycle progression, by interacting with p21 and facilitating 

CIZ1/p21 complex sequestering in the cytoplasm (Mitsui et al., 1999). Thus, upstream 

regulators of p21, including p53 and CIZ1, are crucial to facilitate correct control over the 

cell cycle. Therefore, in instances where p53 or CIZ1 are corrupted, cells could progress 

through the cell cycle with DNA damage, or be inappropriately prevented from 

progressing. 
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Figure 1.3. The timing of cyclins and CDKs in the cell cycle 

The canonical model of the cyclin/CDK complexes implicated in the cell cycle and their 

approximate timing for involvement. Black sharp arrows indicate stimulation of a 

pathway, whereas black blunt arrows indicate inhibition of a pathway. A dashed arrow 

represents stimulation in a pathway where the intermediate steps have been omitted for 

simplicity. Grey arrows reflect stepwise events occurring in a pathway. “P” labels 

represent phosphorylation events.  
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1.1.5. Re-entry to cell cycle after quiescence 

Not only are there requirements for cyclin/CDK complexes in cycling cells, cells that have 

exited the cycle and then re-enter upon stimulation can also be harnessed to reveal 

specific cyclin/CDK requirements upon entry from quiescence. Analysis in a cell free 

system revealed that during re-entry to the cell cycle from G0, the cyclin E/CDK2 

complex supports assembly of pre-replication complexes, then with increasing cyclin 

A/CDK2 concentrations the assembly phase is terminated, and at higher concentrations 

DNA synthesis initiated. Thus by ordering events along a concentration gradient, cyclin 

A/CDK2 helps to prevent re-assembly and ensures that DNA is only replicated once in 

each cycle (Coverley et al., 2002). In these in vitro studies, when the cyclins were not 

applied at the correct concentration in the right order, G1/S transition was limited.  

These observations are supported by the result that loss of cyclin E in mice during 

development was not detrimental, but that murine cells were unable to re-enter the cell 

cycle from G0 in the absence of cyclin E (Geng et al., 2003). Contrastingly, loss of cyclin 

D during mouse development was lethal, but cyclin D deficient murine fibroblasts can re-

enter the cell cycle, albeit with a greater requirement for mitogen stimulation (Kozar et 

al., 2004). This differing requirement for cyclin presence in continuous compared to non-

continuous cell cycling is still not fully understood. This points to a key area of research, 

when considering that post development most cells are not actively cycling, and instead 

are exiting and entering the cell cycle in response to stimuli (Viatour, 2012). Thus, in the 

development of adult disease such as cancer, variations to the canonical models must 

be considered, and any corruption evaluated in the correct context.  
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1.2. CIZ1 structure and normal function 

CIZ1 was first cloned in 1999 (Mitsui et al., 1999) as an interaction partner of p21. As 

described above, it was suggested that these interactions could be modulating the 

repressive role p21 plays in cell cycle progression, by facilitating CIZ1/p21 complex 

sequestering in the cytoplasm (Mitsui et al., 1999). Subsequent work showed that, in 

addition to this, the protein contains two distinct regions that perform independent 

functions and facilitate its involvement in several different cellular processes. The N-

terminal replication domain (RD) has been implicated CIZ1’s role in DNA replication 

(Coverley et al., 2005), whereas the C-terminal anchor domain (AD) is required to anchor 

CIZ1 to the nuclear matrix (NM) (Ainscough et al., 2007). The diagram below (Figure 

1.4) shows the domains contained in CIZ1, and features that facilitate its involvement in 

key processes.  

 

Figure 1.4. CIZ1 domains, regulatory and interaction sites, and fragments used in 

analysis 

A. Full length murine CIZ1 (UniProt Q8EVH2). Purple: prion like domain 1 and 2 (PLD1) 

and (PLD2) as documented in (Sofi et al., 2022). Blue: C2H2 zinc finger 1-3 (ZF 1-3). 

(ZnF_C2H2 SM00355, ZF_C2H2 sd00020 and ZF_C2H2 sd00020 respectively). Red: 

the acidic domain (AcD). Yellow: the matrin 3-homology (MH3) domain (ZnF_U1 

smart00451). Nuclear localisation sequences (NLS), CDK2 phosphorylation sites and 

cyclin binding sites are annotated and discussed in the main text. 

B. Embryonic CIZ1 (eCIZ1) lacking regions in exon 2, 6 and 8. Almost all of PLD1 and 

PLD2 is excluded by alternative splicing, while all C-terminal domains remain intact. 

C. and D. Truncated N terminal fragments created from eCIZ1 used to identify CIZ1 

cyclin binding sites (Copeland et al., 2010). 

E. C-terminal fragment used to measure CIZ1 anchorage to the nuclear matrix 

(Ainscough et al., 2007). 

F. Full length human CIZ1 (UniProt Q9ULV3), used in (Higgins et al., 2012). Domains 

are the same as those described in A, with the exception of a larger PLD2 region.  
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1.2.1. CIZ1 replication domain 

As stated above the N-terminal replication domain (RD) is associated with CIZ1’s role in 

DNA replication (Coverley et al., 2005). The additional domains and motifs contained 

within the RD include: An N-terminal nuclear localisation sequence, cyclin binding motifs 

and prion like domains, and they are described in full below. 

1.2.1.1. NLS contained in the replication domain 

The main subcellular location of CIZ1 is the nucleus (Coverley et al., 2005). This is 

facilitated by a conserved classical K-K/R-X-K/R nuclear localisation sequence (NLS) 

(Chelsky et al., 1989) in the N terminus of CIZ1 (Figure 1.4A). There is also a bi-partite 

NLS (K/R-K/R-X10-K/R in ≥3/5 of the following residues) (Robbins et al., 1991) located 

within the third zinc finger of CIZ1 (Figure 1.4A). Mutation of the N-terminal NLS in murine 

CIZ1 (Figure 1.4A) led to highly perturbed nuclear targeting in multiple cell lines, but 

contrastingly mutation of the C-terminal NLS appeared to have no effect in the context 

of full length CIZ1 (Sofi et al., 2022). However, the retained ability for CIZ1 nuclear import 

in ~30% of cells, despite the removal of the N-terminal NLS, suggests that the bi-partite 

NLS or some other region may encode some function to facilitate nuclear targeting. 

1.2.1.2. Cyclin binding motifs and CDK2 phosphorylation sites 

Embryonic CIZ1 (eCIZ1) (Figure 1.4B), an alternatively spliced version of CIZ1 derived 

from day 11 murine embryos lacks exon 2, part of exon 6 and part of exon 8 (Coverley 

et al., 2005). However, it retains the 5 K/R-X-L cyclin binding motifs, three of which are 

contained in the RD (Copeland et al., 2010) (annotated on FL-CIZ1 in Figure 1.4A). 

Comparison of two RD forms of CIZ1, N391 (Figure 1.4C) which contains two of the RD 

cyclin binding sites, and N471 (Figure 1.4D) which contains all three of the RD cyclin 

binding sites, revealed cyclin interaction differences. Cyclin E directly interacted with 

both forms, whereas cyclin A only interacted with the larger N471, indicating that the 

third cyclin binding motif is responsible for cyclin A interactions and that cyclin E interacts 

with one or both of the upstream sites. Wherever cyclin interactions were observed this 

also coincided with CDK2 recovery, suggesting that CDK2 does not interact with CIZ1 

RD directly, but instead interacts via the cyclins (Copeland et al., 2010).  
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This led to the suggestion that CIZ1 helps coordinate cyclin delivery and function by 

sequentially recruiting them to the same site in the correct order. This suggestion is 

supported by the observation that in isolated nuclei if CIZ1 is depleted, entry to S phase 

is restrained (Coverley et al., 2005). Additional analysis identified that three sites in the 

RD of CIZ1 were phosphorylated by CDK2 during S and G2 phase, and this 

phosphorylation led to the loss of cyclin A/CIZ1 interactions. Therefore CIZ1 is suggested 

to be acting as a kinase sensor by promoting initiation of DNA replication at low kinase 

levels, since when un-phosphorylated it is able to deliver cyclin A/CDK2 complexes, but 

when kinase levels rise and it is phosphorylated it no longer interacts with cyclin A/CDK2 

(Copeland et al., 2015). While these analyses describe a regulatory pathway, they do 

not address what CIZ1 actually does during replication. 

1.2.1.3. CIZ1 prion-like domains 

Prion like domains (PLDs) are low complexity sequences found in RNA binding proteins 

that are named as such due to their similarities to prion domains (Ross et al., 2005). 

These PLDs contain polyglutamine repeats that have been extensively implicated in 

neurodegenerative diseases and are linked with protein misfolding and aggregation 

(Scherzinger et al., 1997, Warrick et al., 1998, Rubinsztein et al., 1999). Murine and 

human CIZ1 both contain two PLDs (PLD1 and PLD2) in their RD. These are in the same 

location in both species, but in human CIZ1 PLD2 is longer and subject to more complex 

alternative splicing. CIZ1’s PLD domains have been implicated in its RNA-dependent 

recruitment to the inactive X chromosome (Sofi et al., 2022) and will be described in 

detail in section 1.5.7. 

In human cells, a region containing PLD2 has been shown to interact with dynein light 

chain 1 (DLC1) (den Hollander and Kumar, 2006) (Figure 1.4F). Here it was documented 

that DLC1 is overexpressed in breast cancers, and that downregulation resulted in 

reduced cell cycle progression in breast cancer cell lines. The same region has also 

been implicated in oestrogen receptor (ER) binding (den Hollander et al., 2006), and it 

was shown that CIZ1 promoted recruitment of the ER complex to target gene chromatin, 

leading to oestrogen hypersensitivity. Follow up experimentation is required to 

understand what role the PLD might play in this. 
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1.2.2. CIZ1 anchor domain 

Since the anchor domain (AD) of CIZ1 is required for its immobilisation within insoluble 

non-chromatin sub-nuclear structures (Ainscough et al., 2007), it can be thought of as 

part of the nuclear matrix. The exact region or regions within the AD that are responsible 

for these interactions remains unknown. Additionally, the AD has been implicated in 

interactions with yes-associated protein (YAP), which regulates the Hippo signalling 

pathway, where CIZ1 overexpression was associated with higher transcriptional activity 

of YAP in hepatocellular carcinoma (Lei et al., 2016). This region is illustrated with 

dashed lines in Figure 1.4F since the authors did not provide interaction boundaries. The 

domains and motifs contained within the AD include: the triple set of zinc fingers, the 

acidic domain and the matrin 3-homology domain. These are described in detail below. 

1.2.2.1. CIZ1 zinc fingers 

Zinc fingers (ZF) are a protein motif that contain a tetrahedrally coordinated zinc ion for 

stability of their secondary structure (Klug, 2010). CIZ1 contains three C2H2 ZF motifs 

within the AD, and these are conserved with a sequence identity of 86-96% in murine 

and mouse CIZ1. ZF containing proteins have a diversity of functions, including but not 

limited to, DNA recognition, RNA packaging, gene expression regulation, protein folding 

and assembly, and lipid binding (Laity et al., 2001). The C2H2 ZF is well characterised, 

and historically has been implicated mostly in interactions with DNA (Berg, 1988), 

however more recent reviews discuss their involvement in protein:protein interactions 

(Brayer and Segal, 2008) and interactions with RNA (Hall, 2005). Indeed, the triple ZF 

consensus that is contained in CIZ1 has been implicated in all three interactions, and 

whilst a triplet of ZFs can only interact with one ligand at a time, in the context of a 

multimeric protein it is suggested that this could allow multiple interactions at once and 

act as a bridge between two ligands (Iuchi, 2001). This suggestion aligns with CIZ1 when 

considering the multivalent interactions described in Sofi et al., and could be one of the 

driving interactions for CIZ1 NM anchorage. 

Early work that first identified CIZ1 as a novel interactor with p21/Cip1, noted that it 

interacts via an area that contains ZF1 (Figure 1.4F). Additionally, CIZ1 was shown to 

interact with enhancer of rudimentary homolog (ERH) (Lukasik et al., 2008), a highly 

conserved protein in eukaryotes that is not well understood but has been implicated in 

cell cycle and transcriptional regulation (Weng and Luo, 2013). Recent analysis 

confirmed a 31 residue region upstream of ZF1 that is responsible for CIZ1/ERH 

interactions, and that CIZ1/ERH forms a 2:2 hetero-tetramer in vitro (Wang et al., 2022). 

Finally CIZ1 has been shown to interact with the DNA sequence ARYSR(0-2)YYAC 

(Warder and Keherly, 2003), this interaction could be mediated by the ZFs but has not 

been formally tested. 
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1.2.2.2. CIZ1 acidic domain 

Downstream of the triplet of ZFs there is a dense region of negatively charged aspartates 

and glutamates, (21/24 of the amino acids present in both murine and human CIZ1), 

referred to as the acidic domain (AcD). The region containing the AcD between the three 

ZFs and the MH3 domain is not predicted to contain secondary structure based on 

modelling using the AlphaFold consortium (Jumper et al., 2021), and is predicted to be 

highly disordered  compared to the highly ordered ZFs and MH3 domain, as shown below 

in (Figure 1.5). 

 

Figure 1.5. Disorder prediction of human CIZ1 

Predicted areas of disorder in human full length CIZ1 using DISOPRED software (Jones 

and Cozzetto, 2015). This is aligned with a diagram of CIZ1 to facilitate interpretation of 

the disorder profile in the individual domains of CIZ1. 

 

The AcD resembles a transactivation domain (TAD), more specifically the “acid blobs” 

or “negative noodles” that are unstructured regions with an excess of negatively charged 

amino acids (Sigler, 1988). TADs provide a binding site for other proteins required for 

transcriptional regulation, possibly suggesting that CIZ1 could be responsible for bridging 

interactions in vivo.  

The region that contains the AcD has also been implicated in direct interactions with 

CDK2 (den Hollander and Kumar, 2006). As described above, a region containing PLD2 

was also implicated in DLC1 interactions in the same study, and it was hypothesised that 

the multiprotein complex comprised of CDK2, CIZ1 and DLC1 promote cell cycle 

progression by reducing the nuclear levels of the cell cycle inhibitor p21.  

Finally, a cancer specific splice variant of CIZ1, referred to as CIZ1B, involves the 

deletion of 8 amino acids at the boundary of the AcD, but how this is implicated in 

tumourigenesis is not known. Thus, overall the AcD of CIZ1 remains unclear and is the 

subject of my investigation in Chapter 5. 
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1.2.2.3. CIZ1 matrin 3-homology domain 

The matrin 3-homology (MH3) domain in CIZ1 is named due to its homology with a region 

of matrin 3 (Belgrader et al., 1991, Mitsui et al., 1999). Matrin 3 was first identified as 

part of a novel set of nuclear matrin proteins (Nakayasu and Berezney, 1991). The 

function of matrin 3 remains poorly understood, but has been implicated in interactions 

with DNA, RNA and proteins, and mutations in matrin 3 are associated with development 

of familial ALS (Malik and Barmada, 2021). Given the lack of understanding of matrin 3 

function, we can’t easily draw clues about the function of the MH3 homology domain in 

CIZ1. It is a U1-like zinc finger (SMART entry SM00451), and inspection of proteins listed 

on the InterPro database (Paysan-Lafosse et al., 2022) that also contain this domain 

returned 30 reviewed proteins in Homo sapiens. Gene ontology analysis (Ashburner et 

al., 2000) of these proteins to identify MH3 domain function yields limited information. All 

30 proteins have a nucleic acid binding molecular function, with 14 of these as RNA 

binders, which is unsurprising given that the MH3 domain is a class of ZF. Previous 

analysis of a small C-terminal CIZ1 fragment referred to as I122 (Figure 1.4E), that only 

contains the MH3 domain, identified that it was able to remain associated with the 

chromatin-depleted NM (Ainscough et al., 2007). Thus, despite not knowing its exact role 

in vivo and what interactions are facilitated by the MH3 domain, it appears to be a key 

domain responsible for CIZ1 AD function, and is investigated in Chapter 3. 

  



 29 

1.3. Nuclear matrix 

1.3.1. Early work identifying NM proteins 

The existence of a nuclear matrix (NM), an apparent structural framework of proteins 

retained in rat liver nuclei after treatment with a high concentration of salt, 

deoxyribonuclease (DNase) and ribonuclease (RNase), was visualised nearly 50 years 

ago by electron microscopy (Berezney and Coffey, 1974). Subsequent analysis revealed 

that the majority of these proteins were acidic proteins (Berezney and Coffey, 1976). It 

was noted that when RNase treatments were excluded from the extraction, there was a 

fraction that was approximately 20% RNA in composition (Berezney, 1980), suggesting 

that RNA could be an integral part of the NM. The structural entities retained after NM 

extraction procedures can be categorised as: i) the outer nuclear pore complex 

composed of nuclear lamins and pore proteins, ii) nucleoli residue, and iii) the inner 

matrix that includes heterogeneous nuclear ribonucleoproteins (hnRNPs), small nuclear 

ribonucleoproteins (snRNPs), nuclear actin and enzymes associated with DNA and RNA 

metabolism (Verheijen et al., 1988). Follow up work identified that hnRNPs and B23 (also 

referred to as nucleophosmin (NPM)) were major components of the internal NM in HeLa 

cells (Mattern et al., 1996). In rat livers hnRNPs and B23 were also consistently identified 

in the NM, alongside lamin A, B and C, and additionally a novel set of nuclear matrin 

proteins (matrins 3, 4, 12 and 13 and matrins D-G) were identified (Nakayasu and 

Berezney, 1991). 

Advances in high throughput screening techniques allows for more in depth identification 

of NM proteins. One study utilised mass spectrometry to identify 333 NM proteins in 

HeLa cells, and showed enrichment for disordered proteins, alongside many other 

previously documented NM proteins (Ishii et al., 2008). In this study 250mM ammonium 

sulphate was used for the extraction process. Another study that compared 25mM lithium 

3,5-diiodosalicylate (LIS, a mild anionic protein solubilising detergent), 250mM 

ammonium sulphate and 2M sodium chloride (NaCl) extraction in mouse lymphocytes, 

identified 320, 346 and 344 NM proteins respectively, with 272 shared across all three 

methodologies (Engelke et al., 2014). Further work comparing 2M NaCl and LIS 

extracted cells revealed that whilst LIS could be useful for solubilising NM proteins for 

downstream analysis, the cells lacked morphologically distinct residual nucleoli and their 

internal structure was depleted (Smith et al., 1987). Lack of preservation of a 

recognisable structure, compounded with highly variable techniques across labs, has led 

to much disagreement in the field. Nonetheless results obtained from Ishii et al. and 

Engelke et al. suggest there are approximately 300 NM proteins present in most cells, 

though these are not necessarily the same across cell types. 
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1.3.2. NM protein roles and retention via S/MARs 

Early work identified that actively transcribed genes are associated with the NM, 

suggesting that the NM is the site of transcription (Ciejek et al., 1983). Indeed it has been 

shown that NM proteins provide the structure required for DNA replication, RNA 

synthesis and processing, nuclear transport and steroid hormone action (He et al., 1995). 

NM proteins attach to specific regions of DNA referred to as scaffold attachment regions 

(SARs) (Mirkovitch et al., 1984) and matrix attachment regions (MARs) (Cockerill and 

Garrard, 1986). These are sometimes referred to collectively as S/MARs. Whilst the 

differences in extraction technique produces a different pool of NM proteins, the 

differences are not substantial. However, comparison of high salt and LIS extractions 

techniques reveals different attachment regions, thus routinely today MARs correspond 

to high-salt extractions and SARs correspond to LIS extractions (Dobson et al., 2017). 

Only half of all the attachment regions are shared between MARs and SARs. When 

comparing the two, MAR enrichment is biased towards intergenic regions and when 

contained within a gene is associated with silenced genes, however SARs exhibit a more 

even distribution across the chromosome and when upstream of a gene they are 

associated with transcript presence (Linnemann et al., 2009). Despite their potential 

differences in roles, which remains largely unknown, both are characterised by AT rich 

regions and topoisomerase II DNA binding sites (Boulikas, 1993). 

1.3.3. CIZ1 as a component of the NM 

CIZ1 has been identified as a NM protein based on its resistance to high-salt extraction 

and DNase digestion of chromatin (technique described in (Wilson et al., 2016)). Based 

on data that shows a cyclin-dependent role in initiation of DNA replication (Copeland et 

al., 2010), it has been suggested to form a molecular link between the DNA replication 

machinery and the sub-nuclear structures that organize their function (Ainscough et al., 

2007). Importantly, the fraction of CIZ1 that accumulates at the inactive X chromosome 

(see section 1.5) is retained upon application of detergent, high salt and DNase, but is 

lost upon application of RNase during most of the cell cycle. This suggests that most of 

the time CIZ1 is part of an RNA-dependent nuclear matrix at Xi (Ridings-Figueroa et al., 

2017). 
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1.4. Epigenetics 

1.4.1. Early work and definitions 

The term “epigenetics” was coined by Conrad Waddington, where he described how 

cells can differentiate into alternative lineages during development leading to different 

cell fates (Waddington, 1957). Subsequent early work in this field focused more on the 

discussion that epigenetic components were inheritable, and could persist throughout 

multiple rounds of cell division, however there was still much confusion in the field 

regarding the absolute definition of what epigenetic regulation included (Nanney, 1958). 

Key studies have shown that changes in gene expression, that are caused by epigenetic 

changes due to environmental exposures, can be inherited. An example of this is the 

observation that the children of women who were in the early stages of gestation during 

the Dutch famine, have a higher likelihood of developing various health issues such as 

coronary heart disease or COPD (Roseboom et al., 2006). Additionally, the maternal 

grandchildren are more likely to have “poorer health” such as cancer and autoimmune 

diseases, presumably due to the in utero undernutrition their mother received (Painter et 

al., 2008). This highlights that the epigenetic effects of environmental exposures can be 

long lasting. However more recently the definition of epigenetics has been relaxed to 

include non-inheritable changes, and is defined as: “the structural adaptation of 

chromosomal regions so as to register, signal or perpetuate altered activity states” (Bird, 

2007). This allows inclusion of more transient changes that alter gene expression, such 

as certain histone modifications. 

1.4.2. Histone post translational modifications 

There are many different histone post translational modifications (PTMs), that form a 

“histone code” that can be read by other proteins (Strahl and Allis, 2000). These PTMs 

can be associated with gene activation or gene repression, and can be modified by 

“writers” or “erasers” and interpreted by “reader” proteins (Hyun et al., 2017). A recent 

comprehensive review of known histone modifications, details 82 different histone 

modifications in humans with known functions and modifying enzymes, with yet more of 

unknown function (Zhao and Garcia, 2015). The PTMs mentioned throughout this body 

of work have been discussed further below, or have been introduced in the individual 

chapter introductions. 
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1.4.3. Polycomb group proteins gene regulation 

Polycomb group proteins (PcGs) were discovered decades ago as being responsible for 

silencing of Hox genes in certain parts of the body of Drosophila melanogaster during 

development (Lewis, 1978). Homologs of PcGs are found in all metazoans, and there is 

a high degree of conservation between Drosophila melanogaster and Homo sapiens 

(Wang et al., 2015). Thus unsurprisingly, PcGs are also key regulators of developmental 

genes in human (Lee et al., 2006) and mice (Boyer et al., 2006) embryonic stem cells. 

In mammals there are two different PcG complexes, referred to as polycomb repressive 

complex 1 and 2 (PRC1 and PRC2). PRC1 is responsible for laying down ubiquitin (a 

small 8.6 kDa protein that is detected in animals, bacteria and yeast (Goldstein et al., 

1975)) at lysine 119 on histone H2A (H2AK119ub1) (Wang et al., 2004), and PRC2 is 

responsible for laying down trimethylation (three CH3 groups) at lysine 27 on histone H3 

(H3K27me3) (Cao et al., 2002). Both H2AK119ub1 and H3K27me3 PTMs are 

associated with gene repression (Cao and Zhang, 2004, Wang et al., 2004). There are 

variants of PRC1 (Gao et al., 2012) and PRC2 (Guo et al., 2021) identified in humans, 

that can be associated with canonical and non-canonical recruitment, and varying 

capabilities of compacting chromatin (Simon and Kingston, 2009, Gao et al., 2012). 

Where this is relevant to X-inactivation, this is described in section 1.5.5, that details PcG 

involvement in this process, where both PRC1 and PRC2 are directly recruited and are 

key for correct gene silencing. 

1.4.4. CIZ1 involvement in epigenetic maintenance 

As mentioned in the preface, CIZ1 has been implicated in epigenetic maintenance, 

where loss in primary embryonic fibroblasts (PEFs) was associated with a loss of 

repressive epigenetic histone modifications H3K27me3 and H2AK119ub1 at the inactive 

X chromosome (Stewart et al., 2019). Though, because CIZ1-null cells show genome 

wide de-regulation of polycomb regulated genes, it was suggested that it may perform 

similar functions across the genome (Stewart et al., 2019). This makes it of interest to 

study when considering the consequences of altered epigenetic events that are 

observed in cancers (Jones and Baylin, 2002).  
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1.5. X-inactivation 

1.5.1. The function of X-inactivation 

Since female cells contain two X chromosomes, but males only contain one, the process 

of X-inactivation to epigenetically silence one of the X chromosomes is a mechanism of 

dosage compensation in female mammals (Ohno et al., 1959). This leads to the 

development of a visible and dense heterochromatin structure in female cells that was 

coined the Barr body (Barr and Bertram, 1949). In murine development, the 

extraembryonic tissue that goes on to form the placenta and other supportive tissue 

during foetal development, undergoes imprinted X-inactivation, whereby the paternal X 

chromosome is preferentially silenced (Takagi and Sasaki, 1975). Contrastingly, in the 

inner cell mass the paternal X chromosome is reactivated, and during differentiation into 

epiblasts random X-inactivation occurs, and this is completed by approximately day 6 of 

gestation (Monk and Harper, 1979). Once the paternal or maternal X-chromosome has 

been inactivated (termed the Xi), this is maintained in subsequent cell divisions, leading 

to a mosaic pattern of X-inactivation in adult organisms (Lyon, 1961). 

1.5.2. The role of Xist in early stages of X inactivation 

The long non-coding RNA (lncRNA) X-inactive specific transcript (Xist) was discovered 

in 1991 in both humans (Brown et al., 1991) and mice (Brockdorff et al., 1991). Early in 

the stages of X-inactivation Xist is transcribed from the X-inactivation centre (XIC), and 

accumulates in cis (Clemson et al., 1996) via interactions with YY1 (Jeon and Lee, 2011), 

and then sequentially spreads to sites across the X-chromosome based on their 3D 

distance from the XIC (Engreitz et al., 2013). 

Xist is required for X-inactivation (Penny et al., 1996), and female mice that inherited a 

mutated paternal Xist gene were severely growth-retarded and died early in 

embryogenesis (Marahrens et al., 1997). Contrastingly male mice were healthy, and 

female mice that inherited a defective maternal Xist gene, were also normal, but their 

paternal X-chromosome was always inactive. This paternal specific lethality is due to the 

failure to conduct the imprinted X-inactivation in the extraembryonic tissue as described 

above. Creation of female mice that only lacked Xist in the epiblast, to avoid the lethality 

associated with loss of the imprinted Xi in the extraembryonic tissue, revealed that loss 

of Xist in this instance was not lethal (Yang et al., 2016). However, the female mice were 

smaller at birth, displayed organ abnormalities, and did not survive post weaning. Thus, 

highlighting the importance of Xist in homeostasis. 
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1.5.3. Xist structure 

Xist contains 6 separate regions of tandem repeats referred to as repeat A-F. The most 

5’ repeat, repeat A, is required for Xist mediated silencing of the Xi, whereas downstream 

elements were implicated in Xist targeting to the Xi (Wutz et al., 2002). It is now known 

that in murine Xist repeats B and C are required for recruitment of polycomb complexes, 

repeat E is implicated in Xist targeting and repeat D and F remain less understood 

(reviewed in (Raposo et al., 2021)). Raposo et al. also highlighted that most of the 

information we have today has been generated using mouse models, and that there are 

differences that have been observed between human and mouse X-inactivation that the 

scientific community are only now beginning to investigate further. One example is the 

recent discovery that in human cells, in addition to repeat A, repeat F and the terminal 3’ 

end of the Xist lncRNA is also required for silencing (Dixon-McDougall and Brown, 2022). 

This highlights that whilst mouse models have many merits, the data they yield should 

be validated in human cells wherever possible. 

1.5.4. Xist binding partners 

Early work identified scaffold attachment factor A (SAF-A) as a crucial interacting partner 

for Xist function. SAF-A interacts with Xist via its RGG RNA binding domain (Helbig and 

Fackelmayer, 2003), and when SAF-A is lost Xist is dispersed across the nucleoplasm 

(Hasegawa et al., 2010). Proteomic studies to attempt to identify the full interactome of 

Xist have only been conducted more recently (Chu et al., 2015, McHugh et al., 2015, 

Minajigi et al., 2015), with varying interacting partners identified depending on the 

methodology utilised (Moindrot and Brockdorff, 2016). Key Xist interactors include 

cohesins, condensins, and chromatin remodellers, that synergistically repress 

transcription from the Xi (Minajigi et al., 2015); the SMRT and HDAC associated 

repressor protein SHARP (also referred to as SPEN) that interacts with SMRT to activate 

HDAC3 (McHugh et al., 2015); and the lamin B receptor (LBR) that recruits the Xi to the 

nuclear lamina via Xist interactions, enabling spreading of Xist to actively transcribed 

genes across the X-chromosome (Chen et al., 2016). 

  



 35 

1.5.5. Epigenetic modifications at the Xi 

Early studies showed that the trimethylation at lysine 9 on histone H3 (H3K9me3) mark 

is an early feature at the Xi (Heard et al., 2001, Mermoud et al., 2002), and that whilst 

both H3K9me3 and H3K27me3 enrichment are a feature of the Xi, they rely on different 

methyltransferases so play complementary and nonredundant roles (Rougeulle et al., 

2004). As previously described above, the H3K27me3 PTM is laid down by PRC2, which 

was shown to be recruited to the Xi via Xist (Plath et al., 2003). Additionally Xist has 

been implicated in Xi nucleolar association during S phase for maintenance of 

transcriptional silencing, where Xist loss led to erosion of H3K27me3 accumulation at 

the Xi (Zhang et al., 2007). However, it has been noted that when using a mutant form 

of Xist that coats the Xi but does not silence it, PRC2 was still recruited, suggesting that 

H3K27me3 alone is not sufficient for gene repression (Plath et al., 2003). More recent 

studies show that the PRC2 cofactor Jarid2 is implicated in PRC2 Xi targeting, by acting 

as an intermediate between PRC2 and Xist, and Jarid2 loss prevents efficient PRC2 and 

H3K27me3 enrichment to Xist-coated chromatin (da Rocha et al., 2014). 

In addition to PRC2, there is also recruitment of PRC1, to lay down the H2AK119ub1 

mark, and it has been shown that double deletion of the RING1A and RING1B subunits 

of PRC1 led to loss of ubiquitination at the Xi (de Napoles et al., 2004). The canonical 

pathway of PRC recruitment suggests that PRC2 lays down H3K27me3 first, and then 

PRC1 binds to H3K27me3 to lay down H2AK119ub1 (Cao et al., 2002, Bernstein et al., 

2006). However, in Eed deficient mice (one of the subunits of PRC2), PRC1 was still 

recruited via Xist interactions with RING1B, despite the lack of H3K27me3 (Schoeftner 

et al., 2006). Additionally, in PRC2 deficient mice, a complex of the RING1 and YY1-

binding protein (RYBP) and PRC1 is recruited to the Xi (Tavares et al., 2012). Finally, it 

was shown that the noncanonical polycomb group RING finger 3/5 (PCGF3/5)-PRC1 

complex, recruits both PRC1 and PRC2 in response to Xist expression, and that 

PCGF3/5 removal was lethal in female mice (Almeida et al., 2017). This recruitment is 

aided by hnRNPK, which recruits PCGF3/5 to Xist to facilitate subsequent Xi targeting 

(Pintacuda et al., 2017). In addition to this, histone deacetylation by HDAC3 has been 

suggested to be one of the earliest events in X-inactivation, and partial deacetylation is 

required for H2AK119ub1 spreading (Zylicz et al., 2019). Thus, the current model 

suggested in mice is that non-canonical PRC1 is responsible for recruitment of PRC2 

and subsequently canonical PRC1, and together these epigenetic modifications are 

implicated in early X-inactivation. 
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1.5.6. Maintenance of X-inactivation 

There is conflicting evidence on the requirement for Xist during the maintenance of X-

inactivation in somatic cells. One study noted that the XIC (including the Xist gene locus) 

was not strictly required for maintenance of transcriptional inactivity, as X-linked genes 

measured remained transcriptionally silent (Brown and Willard, 1994). Another study, 

however, noted that whilst loss of Xist did not lead to X-linked gene reactivation, it did 

lead to a fall in macroH2A enrichment at the Xi (Csankovszki et al., 1999). Follow up 

experimentation from the same researchers observed that loss of Xist led to varied re-

activation of the transgenes measured, and that Xist acts synergistically with DNA 

methylation and hypoacetylated histones to maintain gene repression (Csankovszki et 

al., 2001). The authors acknowledge that the transgenes might not be behaving in the 

same way as endogenous genes, which could provide a rationale for these variable 

results. A recent review (Loda et al., 2022), highlights that Xist requirement for 

maintenance of the Xi is variable across cell types, with some being more prone to Xi 

reactivation upon Xist loss, thus exact role of Xist in the maintenance of X-inactivation is 

still unknown.  

Since there are many different epigenetic features at the Xi, including (but not limited to): 

Xist expression, DNA CpG methylation, reduction of active histone PTMs such as 

H3K4me3 and histone acetylation, elevation of repressive histone PTMs such as 

H3K27me3 and H3K9me3, and an enrichment in H1, macroH2A and heterochromatin 

protein 1 (HP1) (Chadwick and Willard, 2003), this suggests that there are many 

redundant processes that are implemented to ensure maintenance of Xi gene 

repression. Indeed, gene silencing at the Xi is incredibly stable, and chromosome-wide 

reactivation of genes on the Xi has not been achieved unless the cell is reprogrammed 

to an early developmental stage, thus suggesting that all these epigenetic modifications 

work in tandem to maintain the gene repression at the Xi (Wutz, 2011). 

1.5.7. CIZ1 involvement in X-inactivation 

CIZ1 was also identified in one of the proteomic screens for Xist interactors, alongside 

80 other proteins (Chu et al., 2015). CIZ1 is enriched at the Xi in female mammalian cells 

and is recruited by Xist via interactions with repeat E in exon 7. When CIZ1 is lost, Xist 

is dispersed across the nucleoplasm rather than targeted to the Xi (Ridings-Figueroa et 

al., 2017, Sunwoo et al., 2017). Follow up work confirmed that the PLD regions of CIZ1 

interact with RNA and can support stable and direct interaction with Xist, with preference 

for its repeat E motifs (Sofi et al., 2022). Both PLD1 and PLD2 were required for efficient 

formation of de novo CIZ1-Xi assemblies in CIZ1 null PEFs.  
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It has been suggested that Xist:protein complexes phase separate to form condensates 

at the Xi (Pandya-Jones et al., 2020), and the Xist E repeat region is required to seed 

these interactions. Condensates are membrane-less compartments generated through 

liquid-liquid phase separation (LLPS), and examples include nucleoli, stress granules 

and nuclear speckles (Strom and Brangwynne, 2019). The literature generally describes 

LLPS condensates as spherical entities, similar to those generated in oil and water 

demixing. However in our studies, while purified CIZ1 fragments self-assemble into 

higher order complexes in a manner dependent on its PLD domains, they form an 

irregular fibrillar network influenced by inclusion of RNA (Sofi et al., 2022). 

1.5.8. Consequences of loss of CIZ1 at the Xi 

Murine CIZ1 knockout (KO) embryos showed evidence of de-regulation of a subset of X-

linked genes, but there were no overt defects in embryogenesis. However, all the 

females developed lymphoproliferative disorders with enlarged primary and secondary 

lymphoid tissues compared to the males (Ridings-Figueroa et al., 2017). As introduced 

above, follow up work confirmed that CIZ1 was an essential component in the 

maintenance of specific epigenetic marks at the Xi (H3K27me3 and H2AK119ub1), as 

normal differentiated cells pass though the cell cycle (Stewart et al., 2019). It was also 

observed that introduction of ectopic CIZ1 that lacked PLD1 or PLD2, so was unable to 

localise to the Xi, failed to form H3K27me3 and H2AK119ub1 enriched chromatin at the 

Xi (Sofi et al., 2022).  

Additionally, CIZ1 was found to facilitate movement of the Xi towards the nucleolus 

during S phase, as this inward movement was significantly impeded in CIZ1 null cells 

(Stewart et al., 2019). This suggests that mechanistically CIZ1 appears to support 

translocation of replicating chromatin from one location in the nucleus to another. Thus, 

CIZ1 appears to be part of an epigenetic fidelity mechanism that couples DNA replication 

to chromatin maintenance, a process that could underpin all of the disease observations 

associated with CIZ1. However, at this stage it is not known what regions or domains of 

CIZ1 are responsible for this. 

Since we can measure CIZ1 behaviour at the Xi upon response to stimuli, this is 

frequently used by the Coverley lab as a model for CIZ1 behaviour at other locations in 

the genome, and this line of experimentation was utilised throughout my studies to test 

the effects of overexpression of mutant forms of CIZ1.  



 38 

1.6. CIZ1 in disease 

1.6.1. CIZ1 alternative splicing events  

More than twenty splice variants of CIZ1 have been identified (Rahman et al., 2010), but 

their possible links with human pathology remain unclear in most cases. Some are 

normal splice variants seen in development such as eCIZ1 (Coverley et al., 2005), but 

others have only been seen in disease states. A cancer associated CIZ1 variant lacking 

exon 4 maintained the ability to replicate DNA, but was not able to form the correct 

replication foci normally observed in the nucleus, and when co-expressed with full length 

CIZ1 it had a dominant negative (DN) effect on endogenous foci (Rahman et al., 2007).  

The CIZF variant is produced by an alternative splicing event leading to the loss of exon 

8-12, with a subsequent inclusion of a small alternative reading frame (ARF) at the C-

terminus (Swarts et al., 2018). This produces a CIZ1 polypeptide that contains the first 

275 amino acids of CIZ1 including PLD1, the N-terminal NLS and some cyclin interaction 

motifs, but lacking all downstream domains. CIZ1F is overexpressed in early-stage 

breast and colon cancers and is a potential biomarker for stratification. 

Finally, the CIZ1B splice variant involves an in-frame exclusion of 24 nucleotides leading 

to loss of eight amino acids in the acidic domain of CIZ1 (Higgins et al., 2012). Since 

CIZ1B depletion via RNAi led to reduced tumour proliferation, it has been identified as a 

possible cancer driver. A fragment of the CIZ1B variant can be measured in the plasma 

of lung cancer patients and is currently under development for use in the clinic as a 

biomarker for early-stage lung cancer diagnosis (Coverley et al., 2017). A diagram of the 

structure of these CIZ1 splice variants is shown below (Figure 1.6). 

 

Figure 1.6. CIZ1 splice variants associated with cancer 

Full length human CIZ1 (UniProt Q9ULV3). Purple: prion like domain 1 and 2 (PLD1) 

and (PLD2) as documented in (Sofi et al., 2022). Blue: C2H2 zinc finger 1-3 (ZF 1-3). 

(ZnF_C2H2 SM00355, ZF_C2H2 sd00020 and ZF_C2H2 sd00020 respectively). Red: 

the acidic domain (AcD). Yellow: matrin 3-homology (MH3) domain (ZnF_U1 

smart00451). The striped region in CIZ1F illustrates the ARF created by the alternative 

splicing event. CIZ1 Δexon 4, CIZ1F and CIZ1B have been associated with Ewing 

tumour, breast and colon cancer and lung cancer respectively. 
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1.6.2. CIZ1 over-expression and under-expression 

Aberrant expression of CIZ1 has been implicated in several other cancers, as compiled 

below in Table 1.1. Most commonly this is described as CIZ1 overexpression, though 

often the detection tools employed do not interrogate alternative splicing events, and for 

some papers cannot be traced. Reducing the overexpression of CIZ1 via siRNA 

knockdown has been shown to reduce cell proliferation (Yin et al., 2013, Wu et al., 2016). 

However, CIZ1 has also been identified as a tumour suppressor, where two studies 

showed that CIZ1 KO results in leukaemias and lymphomas in mice (Nishibe et al., 2013, 

Ridings-Figueroa et al., 2017). Additionally CIZ1 KO has been associated with motor 

abnormalities in younger mice (Xiao et al., 2016), and mouse embryonic fibroblasts 

(MEFs) from older CIZ1 KO mice displayed heightened sensitivity to the effects of 

gamma-irradiation displaying persistent DNA breaks, aberrant cell-cycle progression, 

and apoptosis (Khan et al., 2018). Overall, this collectively suggests that any shift from 

the normal expression of CIZ1 is associated with negative effects, though complete loss 

of CIZ1 is not lethal. 

More recent data from our lab has shown that the C-terminal part of CIZ1 is over-

represented in most common solid tumours. This is discussed alongside my data in 

Chapter 3, which explores the functional implications of misbalanced CIZ1 expression. 
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Table 1.1. Aberrant CIZ1 expression and pathology 

Pathology 
CIZ1 
Variation 

Experimental Model Implication 

Alzheimer’s 
disease 

Alternative 
splicing 
(AS) 

Human tissues and cell 
lines and transfections 
in murine cells 

Inability to form nuclear foci and 
associate with the nuclear matrix 
(Dahmcke et al., 2008) 

Brain tumours 
Highly 
expressed 

Human tissues and 
murine xenografts 

CIZ1 potentially implicated in tumorigenic 
phenotype (Warder and Keherly, 2003) 

Breast cancer 
Over-
expression 

Transfections in human 
cell lines and 
xenografts in murine 
cells 

Overexpression promotes growth-rate 
and anchorage-independence, and leads 
to oestrogen sensitivity (den Hollander et 
al., 2006) 

Cervical 
dystonia 

Mutation 
driven 
alterative 
splicing 

Human sample 
screening and 
transfections in murine 
cells 

Altered the nuclear localisation (Xiao et 
al., 2012) 

Colorectal 
cancer 

Highly 
expressed 

Human cell lines; 
Human matched 
normal and cancer 
samples 

siRNA silencing suppressed RKO cell 
proliferation (Yin et al., 2013). Positive 
CIZ1 expression leads to lower five-year 
disease-free survival and increased 
recurrence (Wang et al., 2014) 

Ewing 
Sarcoma 

Mutation 
driven AS 

Human cell lines and 
transfections in murine 
cells 

Inappropriate localisation of CIZ1 
(Rahman et al., 2007) 

Gallbladder 
cancer 

Highly 
expressed 

Human matched 
normal and cancer 
samples and human 
cell lines 

CIZ1 overexpression promoted growth 
and migration, while knocking down 
inhibited growth, migration and 
tumorigenesis (Zhang et al., 2015) 

Haemangioma 
Highly 
expressed 

Human normal and 
haemangioma samples 
and a human cell line 

Increased the proliferation and migration 
(subsequently reduced by shRNA 
transfection) (Wang et al., 2019) 

Hepato-
cellular 
carcinoma 

Highly 
expressed 

Human matched 
normal and cancer 
samples and human 
cell lines 

Forced expression of CIZ1 promoted the 
growth and migration. RNAi knockdown 
inhibited the growth, migration and 
metastasis (Wu et al., 2016) 

Leukaemia CIZ1 null Murine cells and mice 
Increased sensitivity to hydroxyurea-
mediated replication stress (Nishibe et 
al., 2013) 

Lung cancer 
AS, highly 
expressed 

Human matched 
normal and cancer 
samples, human and 
murine cell lines; 
Human matched 
normal and cancer 
samples 

RNAi depletion of CIZ1B variant 
restrained growth of tumour cells (Higgins 
et al., 2012). Specific over-expression in 
LSCC tissues could indicate contribution 
to the growth and angiogenesis of LSCC 
(Zhou et al., 2018) 

Neuro-
degeneration 

CIZ1 null Murine cells and mice 

Deficits in motor and cognitive 
functioning, overt DNA damage, NF-kB 
upregulation, oxidative stress, vascular 
dysfunction, inflammation and cell death 
(Khan et al., 2018) 

Prostate 
cancer 

Highly 
expressed 

Human tissue samples, 
human cell lines and 
xenografts in murine 
cells 

Reduced cell proliferation and colony 
formation, induced cell cycle arrest in G1 
and inhibited tumour formation in nude 
mice after CIZ1 was silenced (Liu et al., 
2015a) 

Solid tumours 
Alternative 
splicing 

Human cell lines and 
human tissue samples 

Does not accumulate at the Xi (Swarts et 
al., 2018) 

Uveal 
Melanoma 

Under 
expressed, 
highly 
expressed 
& AS 

Human bioinformatics 
information from TCGA 

Lower relative expression correlates to 
higher risk subtypes and decreased 
survival (Kucherlapati, 2018) 
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1.7. Project Aims 

The two main focuses of my thesis were to further characterise the structure and function 

of two cancer associated CIZ1 variants, to attempt to decipher what their roles are in 

tumourigenesis. The hypothesis was that these forms could be exerting DN effects, as 

observed with other CIZ1 forms, but this had not been tested. Individual objectives of the 

project included: 

• Measuring the expression of CIZ1 3’ transcripts relative to 5’ levels, to quantify 

the overexpression occurring in the cancer genome atlas (TCGA) samples of 

breast tumours compared to normal samples (Chapter 3) 

• Identify if there are cancer specific CIZ1 C-terminal fragments in breast cancer 

cell lines compared to normal breast tissue (Chapter 3) 

• Profiling the downstream consequences of CIZ1 C-terminal fragment expression 

using a transient transfection and lentiviral transduction system in a murine 

experimental model (Chapter 3 and 4) 

• Conducting biochemical analysis of the native state of C-terminal fragments and 

potential changes upon individual domain deletion (Chapter 3) 

• Monitoring CIZ1 localisation in different stages of the cell cycle to identify 

mechanisms behind CIZ1 regulation that could be dysregulated in disease 

(Chapter 4) 

• Investigating any potential changes in structure, interaction partners or in vivo 

function of CIZ1 and CIZ1B (Chapter 5) 
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2. Materials and Methods 

2.1. Cells 

2.1.1. Generation of mouse cell lines 

All mouse cells were generated by Dr Justin Ainscough. All mouse primary embryonic 

fibroblasts (PEFs) strains were derived from day 13 or 14 embryos from C57BL/6 mice. 

Cells were cultured up to a maximum of passage 4, after passage 4 these cells are 

referred to as mouse embryonic fibroblasts (MEFs) and were not used here. CIZ1 null 

mice were generated from C57BL/6 ES clone IST13830B6 (TIGM) harbouring a 

neomycin resistance gene trap inserted downstream of exon 1. Confirmation of CIZ1 

status (CIZ1+/+, CIZ1+/-, CIZ1-/-) and sex of murine cells for selection of appropriate cells 

for use in experimentation was conducted by Dr Justin Ainscough and Dr Emma Stewart 

via qPCR, immunofluorescence and immunoblot.   

2.1.2. Cell culture and maintenance 

Cells were cultured in media (Table 2.1) at 37°C with 5% CO2, passaging wherever 

necessary with trypsin (Gibco, Cat no. 15400-054) to maintain cells in a rapidly cycling 

state. 

Table 2.1. Cell culture media for cell lines used 

Cell Line Media Supplements 

D3T3 
HG DMEM 
(Gibco, Cat no. 
31966-021) 

10% (v/v) FBS (PAA, Cat no. A15-151), 1% 
(v/v) Pen/Strep/Glutamine (Gibco, Cat no. 
10378-016) 

PEFs 
HG DMEM 
(Gibco, Cat no. 
31966-021) 

10% (v/v) FBS (PAA, Cat no. A15-151), 1% 
(v/v) Pen/Strep/Glutamine (Gibco, Cat no. 
10378-016) 

HMEC 
MEBMTM Basal 
Medium (Lonza, 
Cat no. CC-3150) 

MEGMTM SingleQuotsTM Supplements (Lonza, 
Cat no. CC-4136)  

 
2.1.3. Transient transfection 

Cells were seeded on glass coverslips (SLS, Cat no. MIC3306) at approximately 30% 

confluency one day prior to transfection to produce a population at ~60% confluency at 

time of transfection. Complexes were prepared and incubated for 30 minutes prior to 

application on cells. The composition of the complex per coverslip was: 50 μL Opti-

MEM® Medium (Gibco, Cat no. 31985-062), 1.5 μL X2 Transfection Reagent (Mirus, Cat 

no. MIR 6003) and 200-500ng DNA plasmid (200ng in the C-terminal CIZ1 fragment 

experiments and 500ng in the full length CIZ1 experiments). This was applied to cells 

dropwise and left to proceed for 24 hours prior to fixation and imaging. Details of 

plasmids used in experimentation are listed Table 2.4 in section 2.4.1.  
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2.1.4. Drugs and inhibitors 

Drugs and inhibitors used in experimentation are listed below in Table 2.2. Thymidine 

was applied for 24 hours, and nocodazole was applied for 16-24 hours. Cells arrested in 

M phase were isolated by mitotic shake off and replated for analysis post release. Cells 

held in S phase were released by washing twice with PBS then replacing with fresh 

media. Two different concentrations of barasertib were applied to cells for 4 hours and 

cells were subsequently collected for immunofluorescence imaging. PR-619 was applied 

to cells during the transient transfection window. 

Table 2.2. Drugs used in cell experimentation 

Name Role/target Concentration Catalogue reference 

Thymidine Hold in S phase 2.5 mM Sigma, T1895 

Nocodazole Hold in M phase 50 ng/mL Sigma, M1404 

Barasertib AURKB inhibitor 0.1 and 1 μM 
Selleck Chemicals,  
AZD1152-HQPA 

PR-619 DUB inhibitor 5 μM Bio-Techne, 4482/10 

 

2.1.5. Flow cytometry 

Cells were trypsinised then neutralised in media and counted with a haemocytometer. 

Cells were then centrifuged at 145 xg for 5 minutes and resuspended in PBS to obtain a 

concentration of 500,000 cells/mL. 500 μL of cells was mixed with 55 μL 10x FACS mix 

(10 mg/mL propidium iodide, 20% Triton X-100, 10x PBS). Analysis was performed by 

Karen Hogg in the Imaging and Cytometry department of the Bioscience Technology 

Facility at the University of York. DNA content was measured by flow cytometry, 

CytoFLEX (Beckman Coulter) using the DNA binding dye propidium iodide (excitation 

561nm, emission 610/20). Fluorescence PI signal was used to exclude doublets and 

aggregates using the height versus area parameters. The event rate was 30 μL per 

minute: a minimum of 5,000 single cells per sample were recorded for analysis using cell 

cycle algorithm software FCS Express V7 (Dotmatics) (Dean and Jett, 1974). 
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2.1.6. Lentivirus transduction 

Protocol provided by Dr Emma Stewart in the Coverley lab. 8x105 HEK cells were seeded 

per well in a 6 well plate prior to transfection. Plasmids (1µg transfer vector containing 

the CIZ1 entity, 0.75µg packaging plasmid, 0.25µg envelope plasmid) were diluted in 

100µl optiMEM (Gibco, Cat no. 31985-062). 20µl of PolyFect transfection reagent 

(Qiagen, Cat no. 301105) was then added to the DNA solution and mixed by pipetting 

up and down 5 times, or by vortexing for 10 sec. This was incubated for 5-10 min at room 

temperature to allow complex formation. While the complex formation took place, growth 

medium was gently aspirated from the dish and fresh cell growth medium added. 0.6 mL 

of cell growth medium was added to the reaction tube containing the transfection 

complexes, gently mixed by pipetting up and down twice, and the total volume 

immediately transferred to the cells in the plate. The cell culture dish was gently swirled 

to ensure uniform distribution of the complexes. Complexes were incubated with cells 

overnight, then the media was replaced with 3 mL fresh growth medium (supplemented 

with addition of 1M HEPES at pH 7.2-7.5 (Cat no. 15630-056) to a final concentration of 

20mM). At 48 hours post transfection the viral supernatant was harvested for 

transduction of cells (can also replace media and harvest at 72 hours if needed). 

Alongside the initial transduction of the HEK cells, PEFs to be used in experimentation 

were plated appropriately, for example cells to be transduced for microscopy analysis 

were seeded onto glass coverslips prior to transduction. The viral supernatant was 

filtered to remove HEK debris by using a low-protein binding filter (0.45µm, Sarstedt, Cat 

no. 83.1826). Viral supernatant was placed on the cells to be transduced supplemented 

with final 4 μg/mL polybrene (Sigma, TR-1003-G). This was incubated overnight, then 

fresh media (without addition of HEPES) was added to the target cells. Transduction 

occurred after approximately 48 hours, at this point cells could be harvested or kept for 

long term culture as required. 
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2.2. Microscopy 

2.2.1 Immunofluorescence 

Cells received an initial PBS wash to remove excess media. Cells were then 

permeabilised in CSK-D (CSK buffer containing 0.05% Triton X-100) for 1 minute, and 

fixed for 15 minutes in 4% paraformaldehyde. After fixation, cells were rinsed twice with 

PBS, then incubated at room temperature for at least 30 minutes in BSA antibody buffer. 

Coverslips were then incubated for 1 hour at 37°C in a humidified chamber with BSA 

antibody buffer containing primary antibody (all primary antibodies used are listed in 

Table 2.14 in section 2.7). After incubation cells were washed three times in BSA 

antibody buffer, and remounted in the humidified chamber for an incubation with 

secondary antibody for 1 hour. Finally, cells were washed three times in BSA antibody 

buffer and mounted in VECTASHIELD® Antifade Mounting Medium with DAPI (Vector 

Laboratories, Cat no. H-1200). Buffer compositions are shown below in Table 2.3. 

Table 2.3. Buffers used in immunofluorescence 

Buffer Composition 

Cytoskeletal (CSK) 
buffer 

10 mM 1,4-piperazinediethanesulfonic acid 
(PIPES)/KOH, pH 6.8 (Sigma, Cat no. P3768) 
100 mM sodium chloride (NaCl) (Sigma, Cat no.71380-M) 
300 mM sucrose (Sigma, Cat no. 84097) 
1 mM ethylene-bis(oxyethylenenitrilo)tetraacetic acid (EGTA) 
1 mM magnesium chloride (MgCl2) (Sigma, Cat no. M2393) 

BSA antibody buffer 
1x PBS (Gibco, Cat no. 14190144) 
1x Detergent mix (0.02% SDS + 0.1% Triton X-100) 
10 mg/mL BSA (Sigma, Cat no. A3294) 

1x PBS (Dulbecco’s 
PBS -CaCl2 -MgCl2) 
(Gibco, Cat no. 
14190144), pH 7.0-
7.3 

137 mM NaCl 
8.1 mM Na2HPO4 
2.7 mM KCl 
1.5 mM KH2PO4 

 

2.2.2. Imaging and image enhancement 

Fluorescence images were captured using a Zeiss Axiovert 200M fitted with a 63X/1.40 

Plan-Apochromat objective and Zeiss filter sets 2, 10, 15 (G365 FT395 LP420, BP450-

490 FT510 BP515-565, BP546/12 FT580 LP590), using Axiovision image acquisition 

software (SE64 release 4.9.1). If images were to be used for fluorescence intensity 

analysis all parameters were kept consistent in the imaging process. Photo 

enhancement for visualisation was performed in FIJI after intensity measurements were 

conducted. 
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2.2.3. Phenotype Scoring in Dispersal Assay 

The status of endogenous CIZ1 was monitored after CIZ1 C-terminal fragment 

transfection or transduction to measure CIZ1 dominant negative effects. Cells were 

inspected by eye directly on samples, and avoidance of bias was achieved by 

independent and blinded analysis. In the two-tier scoring system of ectopic DNA effect, 

cells were grouped into two categories, either having a CIZ1 Xi patch or no CIZ1 Xi patch. 

This was further optimised to a three-tier scoring system with inclusion of an intermediate 

category (dispersed/diffuse/reduced). An untreated or negative control (empty vector) 

and positive control WT-C181 was used, respectively, to determine the untreated and 

treated CIZ1 Xi frequency baseline in different cell batches. Notably some cells in the 

population are observed to contain two CIZ1-Xi accumulations, indicative of a X 

chromosome duplication. Where this occurred, cells were scored as though they 

contained one Xi, since in all cases both Xi phenotypes contained in one nuclei were the 

same. These genetic alterations are a common feature of cell lines and indicates the 

requirement for additional experimentation on primary cell lines wherever possible to 

strengthen results. 

 
2.2.4. Fluorescence intensity measurements FIJI 

Open tiff image 

Image > Colour > Split channels  

Select the DAPI channel  

Image > Adjust > Threshold > Otsu. This should create an outline around the outer limit 

of the DAPI stain, adjustments can be made if needed. > Apply  

Process > Binary > Convert to mask  

Analyse > Analyse particles > change size to 0.01-Infinity, ensure “Display results” and 

“add to Manager” are selected > OK 

Select red image Image > Overlay > Show overlay. This will overlay the mask from the 

blue channel. Select the nucleus to measure > Analyse > Measure  

Results will appear in results window with intensity measurements. Keeping the green 

channel open alongside this allows identification of untransfected and transfected cells. 
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2.3 Statistical analysis and data visualisation 

A variable number of biological replicates, technical replicates and independent counts 

(N value), was conducted in experimentation, allowing generation of error bars depicting 

± SEM. The breakdown of the N value in each experiment is provided in the figure 

legend. The number of cells that were measured varied, and this is stated individually in 

each experiment (n value). Wherever possible two independent PEF lines were used in 

experimentation. Statistical analysis was carried out in SPSS (IBM Corp. Released 2021. 

IBM SPSS Statistics for Macintosh, Version 28.0. Armonk, NY: IBM Corp) or Microsoft 

Excel, using a two-sample unpaired t-test, or one-way ANOVA followed by an 

appropriate post-hoc test. The statistical test used for each experiment is stated in the 

figure legend alongside the individual significance values. Graphs were generated using 

Microsoft Excel, for illustrative purposes asterisks indicate statistical significance 

(*=p<0.05, **=p<0.01 and ***=p<0.001). Where data is represented in a box and whisker 

plot, the box represents the middle 50% of the data (the boundaries are quartile 1 (Q1) 

and quartile 3 (Q3), which are the cut off of the lowest 25% and the highest 25% of the 

data respectively). The line across the middle of the box represents the medium, and the 

X in the box corresponds to the mean. The value obtained when subtracting Q1 from Q3 

is referred to as the interquartile range (IQR). The whisker above the box is Q3 + (1.5 x 

IQR), and the whisker below the plot is Q1 – (1.5 x IQR). Outliers are shown as individual 

data points, where all outliers have not been illustrated by excel due to size constraints, 

the number of outliers is stated in the figure legend. Data points that fall within the box 

and whiskers are not shown.  
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2.4. DNA and cloning 

2.4.1. Plasmids 

All plasmids used in experimentation are listed below in Table 2.4., with vector maps 

shown in Figure 2.1. detailing the restriction enzymes used to insert the CIZ1 fragment 

into the plasmid. Information on the restriction enzymes used cannot be provided for 

GST-H720 as it was produced by and purchased from Fujirebio Diagnostics AB. The 

plasmids used in experimentation were cloned into the following bacterial growth stains: 

GFP transient transfections – DH5α (Invitrogen, Cat no. 18265017), recombinant protein 

– BL21 (Agilent Technologies, Cat no. 230250) and lentivirus transductions – Stbl3 

(Invitrogen, Cat no. C737303). 

Table 2.4. Plasmids used in experimentation 

Experimental 
series 

Plasmid 
description 

Vector backbone Identifier 

GFP transient 
transfections 

GFP full length 
(FL) CIZ1 series 
(Chapter 5) 

pEGFP-C3 (Higgins 
et al., 2012) 

Addgene plasmid #6082-1 

GFP transient 
transfections 

GFP-181 CIZ1 
series (Chapter 3) 

pEGFP-C2  Addgene plasmid #6083-1 

Recombinant 
protein 

GST-275/181 CIZ1 
series (Chapter 3) 

pGEX-6P-3 (Sofi et 
al., 2022) 

Cytiva, Cat no. 28-9546-51 

Recombinant 
protein 

GST-H720 CIZ1 
series (Chapter 5) 

pGEX-6P-1 Cytiva, Cat no. 28-9546-48 

Lentivirus 
transductions 

Packaging plasmid psPAX2 Addgene plasmid #12260 

Lentivirus 
transductions 

Envelope plasmid pMD2.G Addgene plasmid #12259 

Lentivirus 
transductions 

ZsGreen C181 
CIZ1 

pLVX-EF1α-IRES-
ZsGreen1 

Takara, Cat no. 631982 
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Figure 2.1. Vector maps of CIZ1 plasmids used in experimentation 

 

  

Lentivirus transduction plasmid

GST tagged recombinant protein plasmids

GFP transient transfection plasmids
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2.4.2. Site directed mutagenesis 

Mutagenic primers that contain additions, substitutions or deletions of regions of CIZ1 

were created for use in a PCR mutagenesis using a protocol provided by Dr Julie Tucker 

at the University of York. The primers used are listed in Table 2.5, where FP corresponds 

to forward primer and RP corresponds to reverse primer. The PCR reaction was created 

to a total reaction volume of 10 μL, as shown in Table 2.6, and ran for 18 amplification 

cyles under conditions listed in Table 2.7. All primers were purchased at 0.025µmole 

(Merck) and 1 mM stock solutions prepared in TE buffer (10 mM Tris, 1 mM EDTA) and 

stored at -20°C. The I122 construct was a pre-existing plasmid created in the Coverley 

lab by Dr Justin Ainscough via restriction digest and religation using EcoRI and BamHI 

(Ainscough et al., 2007). 

 
Table 2.5. Primers used in mutagenesis 

Template 
Primer sequence, * reflects boundary of complementarity to 
regions upstream and downstream of mutation 

Plasmid 
created 

GFP-
C181  

FP:GGAGAGATTGA*GGTGAAGCCGAGAGAAACATCC 
RP:GGATGTTTCTCTCGGCTTCACC*TCAATCTCTCC 

GFP-C181 
Δ706-713 
(CIZ1B) 

GFP-
C181  

FP:GGATTTCCTGGTGCCAGTGATG*AAAGCCAAGAACCCAAGC 
RP:GCTTGGGTTCTTGGCTTT*CATCACTGGCACCAGGAAATCC 

GFP-C181 
Δ746-779 
(ΔMH3) 

GFP-
C181  

FP:CCTGACTGCACTGTTC*TGATAGAAGCTTCGAATTCTGC 
RP:GCAGAATTCGAAGCTTCTATCA*GAACAGTGCAGTCAGG 

GFP-C181 
Δ809-845 
(Δ37) 

GFP-
C181  

FP:GCCCTCCTCCTACC*AGCCACCAGCCCAGCC 
RP:GGCTGGGCTGGTGGCT*GGTAGGAGGAGGGC 

GFP-C181 
Δ796-811 
(ΔNALTAF) 

GST-
C275 

FP:ATCCCCGAATTCCCGGGTCGAC*AAGGAGACAGGCAGCCC 
RP:GGGCTGCCTGTCTCCTT*GTCGACCCGGGAATTCGGGGAT 

GST-C181  

GST-
C181 

FP:GCTTTGAGAGTGGTCAA*TTCTGCAAGCAGGTGAAGC 
RP:GCTTCACCTGCTTGCAGAA*TTGACCACTCTCAAAGC 

GST-C181 
Δ689-709 
(ΔAcD) 

GST-
C181 

FP:GGATTTCCTGGTGCCAGTGATG*AAAGCCAAGAACCCAAGC 
RP:GCTTGGGTTCTTGGCTTT*CATCACTGGCACCAGGAAATCC 

GST- C181 
Δ746-779 
(ΔMH3) 

GST-
C181 

FP:CCTGACTGCACTGTTC*TGATAGAGGGAGC 
RP:GCTCCCTCTATCA*GAACAGTGCAGTCAGG 

GST-C181 
Δ809-845 
(Δ37) 

GST-
C181 
Δ746-779 
(ΔMH3) 

FP:GCTTTGAGAGTGGTCAA*TTCTGCAAGCAGGTGAAGC 
RP:GCTTCACCTGCTTGCAGAA*TTGACCACTCTCAAAGC 

GST-C181 
Δ689-709, 
746-779 
(ΔAcD,MH3) 

GST-
C181 
Δ746-779 
(ΔMH3) 

FP:CCTGACTGCACTGTTC*TGATAGAGGGAGC 
RP:GCTCCCTCTATCA*GAACAGTGCAGTCAGG 

GST-C181 
Δ746-779, 
809-845  
(ΔMH3,37) 

 

  



 51 

 

Table 2.6. PCR reaction 

Component Volume (μL) Concentration/Amount 

Template (5 ng/μL) 0.8 4ng 

Primer pair mix (Sigma) (15 
ng/μL) 

1 10-20ng 

2x CloneAmp HiFi PCR premix 
(Takara, Cat no. 639298) 

5 1x 

ddH2O 3.2 - 

 

Table 2.7. PCR cycling conditions 

Stage Temperature (°C) Time (s) 

Initial denaturation 98 30 

Amplification cycle (1) 98 10 

Amplification cycle (2) 55 30 

Amplification cycle (3) 72 15 secs per kb 

Final extension 72 10 

 

2.4.3. Gel electrophoresis 

Confirmation of mutagenic PCR reactions were carried out on a 1% (w/v) agarose in 1x 

TBE (89 mM tris, 89 mM boric acid, 2 mM EDTA) gel containing 1x SYBR™ Safe DNA 

gel stain (Invitrogen™, Cat no. S33102) using 5 μL of the reaction with 1 μL of loading 

dye (New England Biolabs, Cat no. B7025S). Agarose gel was electrophoresed at 70V 

until resolution of bands required was reached. Unedited methylated DNA template 

remaining was digested for 1 hour at 37°C using 2 units of DpnI restriction enzyme (New 

England Biolabs, Cat no. R0176S) in CutSmart® Buffer (New England Biolabs, Cat no. 

B7204S) as per manufacturer's recommendation. Gels were visualised using a 

transilluminator in the PXi gel imaging system (Syngene). 

2.4.4. Bacterial transformation 

1 μL of plasmid PCR product was incubated with 25 μL of DH5α competent cells 

(Invitrogen, Cat no. 18265017) for 30 minutes on ice, then underwent heat shock at 42°C 

for 45 seconds, and finally incubated on ice for 2 minutes. This was allowed to recover 

for 1-2 hours, depending on the antibiotic used, in 225 μL SOC broth (Invitrogen™, Cat 

no. 15544034) at 37°C in an orbital shaker at 200 rpm. Bacteria were then plated onto 

antibiotic selective LB agar at varying concentrations for optimum colony production and 

incubated overnight at 37°C.  
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2.4.5. DNA extraction and sequencing 

Individual colonies were selected and grown in 5 mL of LB supplemented with selective 

antibiotics overnight. The following morning plasmid DNA was extracted using QIAprep 

Spin Miniprep Kit (QIAGEN, Cat no. 27104), as per manufacturer’s instructions. Glycerol 

stocks of bacterial cultures in LB supplemented with 15% (v/v) glycerol were also made 

at this point if required. Plasmid DNA sequencing was undertaken to confirm presence 

of mutagenesis in house or using Eurofins TubeSeq Service, using standard sequencing 

primers from Eurofins or using the designed CIZ1 sequencing primer with the sequence 

AGACAGGCAGCCCAGATGAGG. 
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2.5. Protein analysis 

2.5.1. Protein expression and purification 

Varying murine and human CIZ1 constructs with an in-frame N-terminal tag glutathione 

S-transferase (GST) in pGEX-6P expression plasmids were expressed in BL21-

CodonPlus-RP E. coli using lactose-driven auto-induction. A starter culture of bacteria 

expressing protein of interest was incubated in LB broth (Merck, Cat no. 1102850500) 

containing selective antibiotic overnight at 37°C. Autoinduction media was inoculated 

with starter culture until the OD600 was between 0.1-0.15 and incubated at 20°C for 24 

hours. This produced a bacterial pellet after centrifugation (4392 xg, 4°C, 15 minutes) 

which was resuspended in PBS buffer that also contained 1 in 100 EZBlock™ protease 

inhibitor cocktail (BioVision, Cat no. K272) and 1 mM PMSF. Bacterial cells were lysed 

on ice via sonication for 5 cycles (30 sec on, 30 sec off) at 60% amplitude using 6 mm 

probe (microtip MS 73, Bandelin SONOPULS). Lysates were clarified by centrifugation 

for (24652 xg, 4°C, 30 minutes) in a Heraeus™ Multifuge™ X1 centrifuge with a F15-

6x100y fixed angle rotor. All chromatography was performed on an ÄKTA™ 

chromatography system. Lysates were loaded onto a 5 mL glutathione sepharose 

column (Cytiva, Cat no. 28401747) at 0.5 mL/min then washed extensively with 10 

column volumes of PBS buffer followed by 10 column volumes of cleavage buffer, both 

at 1 mL/min. This was incubated at 4°C overnight with 2 units of PreScission protease 

(GE Healthcare, Cat no. 27-0843-01) in cleavage buffer. Cleaved protein was eluted in 

fresh cleavage buffer and concentrated to 0.5 mL using a centrifugal concentrator 

(Sartorius, Cat no. VS0601). Protein concentration and quality was determined by 

NanoDrop® ND-1000 spectrophotometer (Labtech, version V3.2.1). Purified protein was 

supplemented to 5% (v/v) glycerol and snap frozen in liquid nitrogen and stored at -80°C. 

Glutathione Sepharose column was regenerated for future use using 5 column volumes 

of elution buffer, then stored in 20% ethanol. Buffer compositions are shown below in 

Table 2.8. 

Table 2.8. Buffers used in protein expression 

Buffer Composition 

PBS buffer (Sigma, 
Cat no. P3813),  
pH 7.4 

137 mM NaCl 
8.1 mM Na2HPO4 
2.7 mM KCl 
1.5 mM KH2PO4 

Cleavage buffer 

50 mM Tris-HCl (Sigma, Cat no. T6666), pH 7.0 
150 mM NaCl (Sigma, Cat no.71380-M) 
1 mM EDTA (Invitrogen™, Cat no. AM9261) 
1 mM Dithiothreitol (Sigma, Cat no. 43819) 

Elution buffer, pH 8 
50 mM Tris-HCl (Sigma, Cat no. T6666) 
10 mM L-glutathione reduced (Sigma, Cat no. G4251) 
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2.5.2. Western blot analysis 

Samples were denatured in the appropriate volume of 4x loading buffer at 95°C for 5 

minutes, vortexed, heated for an additional 5 minutes, and centrifuged prior to loading. 

Samples were electrophoresed in a 4–15% Mini-PROTEAN® TGX™ precast acrylamide 

gel (Bio-Rad, Cat no. 4561085) submerged in running buffer at 40V for 15 minutes, then 

90V for approximately 1.5 hours, until desired resolution has been achieved. The gel 

was transferred to a nitrocellulose membrane via a dry transfer method using the iBlot® 

Gel Transfer Device (Transfer stacks from Invitrogen™, Cat no. IB301002) or a semi-dry 

transfer method in transfer buffer cell (0.1μM NC, Cytiva Amersham™ Protran™, Cat 

no. 10600000). The membrane was then blocked for 30 minutes in a blocking solution 

of 5% bovine serum albumin (BSA) (Sigma, Cat no. A3294) or 10% milk (Marvel dried 

skimmed milk) in 1x PBS containing 0.1% TWEEN®20 (PBST). Primary antibody was 

applied overnight in blocking solution at 4°C, and the following day underwent three 10 

minute washes in blocking solution. The blot was probed with secondary antibody for 

one hour in blocking solution at room temperature, then underwent three 10 minute 

washes in PBST. Proteins were visualised using Pierce™ ECL Western Blotting 

Substrate (Thermo Scientific™, Cat no. 32109) and processed using the PXi gel imaging 

system (Syngene). Buffer compositions are shown below in Table 2.9. 

Table 2.9. Buffers used in western blotting 

Buffer Composition 

Loading buffer (final 
composition) 

75 mM Tris, pH 6.8 (Sigma, Cat no. T1503) 
4% (w/v) SDS (Sigma, Cat no. L3771) 
15% (v/v) glycerol 
250mM β-mercaptoethanol (Sigma, M6250) 

Running buffer,  
pH 8.3 

25 mM Tris (Sigma, Cat no. T1503) 
192 mM Glycine (Sigma, Cat no. G8898) 
0.1% (w/v) SDS (Sigma, Cat no. L3771) 

Transfer buffer 

300 mM Tris (Sigma, Cat no. T1503) 
10 mM CAPS (Sigma, Cat no. C2632) 
0.02% (w/v) SDS (Sigma, Cat no. L3771) 
10% (v/v) Methanol (Sigma, Cat no. 32213-M) 

PBST 
1x PBS buffer (Sigma, Cat no. P3813) 
0.1% TWEEN® 20 (Sigma, Cat no. P1379) 
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2.5.3. Size exclusion chromatography (SEC) 

Experiments were conducted at room temperature on an ÄKTApurifier™ system and the 

solvent was 0.2µm filtered before use. Samples were 0.45µm filtered prior to injection 

(Corning ®, Cat no. CLS8163). The column was equilibrated with 2 column volumes of 

running buffer before use. Blank buffer injections were used where appropriate to check 

for carry-over between sample runs. A UV280 detector was used to detect protein 

presence. Samples were collected on the Frac-950 fraction collection system. Data was 

analysed using the UNICORN™ control software. Running conditions are shown below 

in Table 2.10. 

Table 2.10. Running conditions for SEC 

Column Superdex 200 increase 10/300 GL (Cat no. 28990944) 

Flow rate 0.5 mL/min 

Injection volume 500 µL 

Running buffer 150 mM NaCl, 50 mM Tris, 1 mM DTT, 0.2 µm filtered, pH 7 

 
2.5.4. Size exclusion chromatography multi-angle laser light scattering (SEC-

MALLs) 

Analysis was performed by Dr Andrew Leech in the Molecular Interactions department 

of the Bioscience Technology Facility at the University of York. Experiments were 

conducted at room temperature on a system comprising a Wyatt HELEOS-II multi-angle 

light scattering detector and a Wyatt rEX refractive index detector linked to a Shimadzu 

HPLC system (SPD-20A UV detector, LC20-AD isocratic pump system, DGU-20A3 

degasser and SIL-20A autosampler). Solvent was 0.2µm filtered before use and a further 

0.1µm filter was present in the flow path. The column was equilibrated with at least 2 

column volumes of solvent before use and flow was continued at the working flow rate 

until baselines for UV, light scattering and refractive index detectors were all stable. 

Shimadzu LC Solutions software was used to control the HPLC and Astra V software for 

the HELEOS-II and rEX detectors. Blank buffer injections were used as appropriate to 

check for carry-over between sample runs. Data was analysed using the Astra V 

software. Molecular weights were estimated using the Zimm fit method with degree 1. A 

value of 0.19 was used for protein refractive index increment (dn/dc). Running conditions 

are shown below in Table 2.11. 

Table 2.11. Running conditions for SEC-MALLS 

Column Superdex 200 10/300 GL (Cat no. 17517501) 

Flow rate 0.5 mL/min 

Injection volume 100 µL 

Running buffer 150 mM NaCl, 50 mM Tris, 1 mM EDTA, 1 mM DTT, 0.2 µm 
filtered, pH 7 
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2.6. Interaction studies 

2.6.1. Mass spectrometry sample preparation 

HeLa cells were scrape harvested in isotonic buffer supplemented with 1mM PMSF and 

Dounce homogenised. Cytosolic proteins were isolated via centrifugation (1520 xg, 4°C, 

5 minutes) and discarded. The remaining pellet was resuspended in an intermediate salt 

extraction buffer and centrifuged (1520 xg, 4°C, 5 minutes). Intermediate salt extracted 

supernatant was isolated and the remaining pellet was suspended in a high salt 

extraction buffer and centrifuged (18620 xg, 4°C, 5 minutes). High salt extracted 

supernatant was isolated and the pellet discarded. The intermediate and high salt 

supernatants were pooled and diluted with the appropriate volume of hypotonic buffer to 

obtain 135 mM final NaCl concentration HeLa protein pool. Alongside this, two different 

recombinant protein forms of CIZ1 (H720 and a mutant form referred to as H720B, 

described in detail in Chapter 5) and a negative control of GST tag only, were separately 

expressed and purified using glutathione sepharose beads (incubated at 7 rpm, 4°C, 1 

hour on a Grant Instruments™ 360° Vertical Multi-function Rotator). Since glutathione 

beads have a high binding capacity, precautions were taken to saturate the binding sites 

to reduce non-specific binding that could occur at later stages. Each recombinant 

protein-glutathione slurry was extensively washed in hypotonic buffer then incubated 

with the isolated HeLa protein (7 rpm, 4°C, 2 hours). The slurry then underwent follow-

up washes in isotonic buffer supplemented with 0.05% Triton X-100 and then isotonic 

buffer alone. Samples were separated into four technical replicates for analysis. Buffer 

compositions are shown below in Table 2.12. 
Table 2.12. Buffers used to generate samples for mass spectrometry analysis 

Buffer Composition 

Isotonic buffer 

10 mM HEPES, pH 7.8  
0.5 mM MgCl2  
5 mM K-acetate 
135 mM NaCl  
1 mM DTT 

Intermediate salt 
extraction buffer 

50 mM HEPES, pH 7.8 
5 mM MgCl2 
5 mM K-acetate 
400 mM NaCl 
1 mM DTT 

High salt extraction 
buffer 

50 mM HEPES, pH 7.8 
5 mM MgCl2 
5 mM K-acetate 
800 mM NaCl 
1 mM DTT 

Hypotonic buffer 

50 mM HEPES, pH 7.8 
5 mM MgCl2 
5 mM K-acetate 
1 mM DTT 
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2.6.2. Mass spectrometry machine set up 

Analysis was performed by Dr Adam Dowle in the Metabolomics & Proteomics 

department of the Bioscience Technology Facility at the University of York. Proteins were 

on-bead digested with the addition of Promega sequencing grade modified trypsin and 

incubation overnight at 37°C. Resulting peptides were extracted and desalted using C18 

ZipTip before drying and resuspending in aqueous 0.1% TFA for LC-MS. LC-MS/MS was 

performed with elution from a 50cm C18 EasyNano PepMap column over 1 hour driven 

by a Waters mClass UPLC onto an Orbitrap Fusion Tribrid mass spectrometer operated 

in DDA TopSpeed mode with a 1 second cycle time.  MS1 spectra were acquired in the 

Orbitrap mass analyser at 120K resolution and MS2 spectra were acquired in parallel in 

the linear ion trap following HCD fragmentation. Resulting LC-MS chromatograms in 

Thermo .raw format were imported into Progenesis QI for peak picking and alignments. 

A concatenated MS2 peak list in .mgf format was exported and searched using the 

Mascot search program against the human subset of the SwissProt proteome appended 

with common proteomic contaminants. Matched peptides were filtered using the 

Percolator algorithm to achieve a 1% peptide spectral match false discovery rate, as 

assessed empirically against a reverse database search. Peptide identifications were 

imported onto the Progenesis QI-aligned LC-MS chromatograms and matched between 

acquisitions. Identified MS1 peak areas were integrated and compared for relative 

peptide quantification of non-conflicting peptide sequences. Relative protein 

quantification was inferred from underlying peptide values. Final accepted protein 

quantifications were filtered to require a minimum of two quantified peptides. A multi-way 

anova was applied to facilitate three way comparison between the pGEX, H720 and 

H720B samples, to identify proteins of equal abundance in all samples. P-values were 

multiple-test-corrected to q-values using the Hochberg and Benjamini approach. To 

correct for differences in total protein in samples between H720 and H720B raw 

precursor ion areas were normalised based on total ion signal and pairwise analysis was 

conducted. Further thresholding was conducted, and binding partners were accepted if; 

q<0.005, two unique peptides were identified, and there were at least two spectral counts 

in one sample. 

  



 58 

2.6.3. Electrophoretic mobility shift assay (EMSA) 

Protocol provided by Dr Sajad Sofi, a former member of the Coverley lab. RNA probes 

labelled with digoxigenin (DIG) were provided for use. A master mix of the reaction 

components was created (final concentration: 2.5 mM MgCl2, 0.1% IGEPAL® CA-630 

(FLUKA, Cat no. 56741), 0.1 mg/mL yeast tRNA (Ambion®, Cat no. AM7119), 1U 

RNaseOUT™ (Invitrogen, Cat no. 10777019)). Mastermix, the desired protein 

concentration (0-5000nM) and the appropriate volume of RNAse free water was 

incubated in a 0.2 mL nuclease free thin walled PCR tubes with flat cap (Axygen, Cat 

no.14222262) at 30°C for 20 minutes. RNA was incubated at 80°C for 3 minutes and 

cooled on ice for 2 minutes. 1 μL RNA (0.8ng final concentration) was added to each 

tube, mixed, and incubated at 30°C for 20 minutes for complex formation. 1.3 μL of 

loading dye was gently added and the sample was electrophoresed in a 0.8% (w/v) 

agarose in 1x TBE (89 mM tris, 89 mM boric acid, 2 mM EDTA) gel for approximately 1 

hour a 4°C. The gel was transferred onto a 0.45µm nylon membrane (GE Healthcare, 

Cat no. RPN303B) by placing the membrane on top of the gel, followed by blotting papers 

(rolling after each paper to avoid air bubbles) and a glass plate on top, for 45 minutes. 

The membrane was placed on blotting paper soaked with 2x saline citrate buffer (SSC) 

buffer for 10 minutes and crosslinked with UV light using GS Gene linker UV Chamber 

(Bio-Rad, 125 mJoules for 80 seconds). Blot was prepared for imaging using a DIG wash 

and Block Buffer set (Roche, Cat no 11585762001). The membrane was rinsed in wash 

buffer for a five minutes, blocked in 25 mL 1x blocking solution for 30 minutes, and finally 

incubated with 1:10,000 anti-Digoxigenin Ab (Roche, Cat no. 11093274910) in 13 mL 

blocking solution for 30 minutes. The membrane was washed twice, for 15 minutes each 

time, in 25 mL wash buffer, then incubated for 5 minutes in detection buffer. CPSD was 

diluted to 0.25 mM final (Roche, Cat no 11655884001) in detection buffer and added to 

the membrane, this was then covered with clingfilm with any air bubbles removed and 

incubated for 10 minutes at 37°C. Blot was imaged using the PXi gel imaging system 

(Syngene). Buffer compositions are shown below in Table 2.13. 

Table 2.13. Buffers used in EMSA 

Buffer Composition 

2x SSC buffer 
20x buffer (SLS, Cat no. NAT1224) made to 2x using ddH2O, 
final concentration 300 mM NaCl, 30 mM sodium citrate (pH 7) 

Wash buffer 10x wash buffer made to 1x using ddH2O 

Blocking solution 
10x blocking solution and 10x maleic acid buffer both made to 
1x using ddH2O 

Detection buffer 
10x detection buffer made to 1x using ddH2O, final 
concentration 100 mM Tris-HCl, pH 9.5, 100 mM NaCl 
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2.7. Antibodies 

All antibodies used in experimentation are listed below in Table 2.14 and Table 2.15. 

Commercial antibodies are validated by the supplier, and we have internally evaluated 

each antibody by comparing immunofluorescence images or bands generated in western 

blot analysis, to those presented by the supplier. Secondary antibodies have been 

checked for non-specific interactions using secondary only controls. In-house anti-CIZ1 

antibodies have been applied to CIZ1 KO cells to confirm absence of cross reactivity. 

Table 2.14. Antibodies used in immunofluorescence experiments 

Antibody 
Species 
Isotype 

Working 
Dilution 

Manufacturer 
Catalogue 
Reference 

CIZ1 N term – 1793/1794 Rabbit 1:1,000 
Coverley 
(Coverley et al., 
2005) 

N/A 

CIZ1 C term – mAb87  
(also called hC221a) 

Mouse 1:20 
Coverley (Swarts 
et al., 2018) 

N/A 

Ubiquityl-Histone H2A 
(Lys119) 

Rabbit 1:25,000 
New England 
Biolabs 

8240 

Tri-Methyl-Histone H3 
(Lys27) 

Rabbit 1:1,000 
Cell Signalling 
Technology 

C36B11 

Scaffold attachment  
factor A (SAF-A) 

Mouse 1:50 Abcam Ab10297 

Anti-rabbit IgG (H+L), 
Alexafluor 568 linked 

Goat 1:1,000 Life Technologies A11011 

Anti-mouse IgG (H+L), 
Alexafluor 488 linked 

Goat 1:1,000 Life Technologies A11001 

 

Table 2.15. Antibodies used in western blot analysis 

Antibody 
Species 
Isotype 

Working 
Dilution 

Manufacturer 
Catalogue 
Reference 

CIZ1 C term – Rabbit Ex16 Rabbit 1:2,000 Biorbyt orb329770 

CIZ1 C term – Rabbit Ex17 Rabbit 1:1,000 Novus Biologicals 
NB100-
74624 

H3 Rabbit 1:5000 Abcam ab1791 

Actin Mouse 1:2000 Abcam ab11003 

Anti-Rabbit IgG, 
Horseradish Peroxidase 
conjugated 

Mouse 1:10,000 
Jackson 
Laboratories 

211-032-
171 

Anti-Mouse IgG, 
Horseradish Peroxidase 
conjugated 

Goat 1:10,000 
Jackson 
Laboratories 

115-035-
174 
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2.8. Bioinformatics 

2.8.1. Measuring 3’ transcript overexpression in breast cancer 

Analysis was performed by Dr Andrew Mason at the University of York. Aligned RNA 

sequencing data for 1095 primary breast cancer samples from The Cancer Genome 

Atlas (TCGA) were accessed under dbGaP project 25297. Adjacent normal RNA 

sequencing data was available for 113 donors. Secondary tumour samples were 

excluded from analysis. Data were downloaded using the Genomic Data Commons 

command line client v1.5.0. FASTQ files were regenerated from sample BAM files using 

samtools v1.10 (Li et al., 2009) to exclude secondary and supplementary alignments, 

and then BEDTools v2.27.1 bamToFastq (Quinlan and Hall, 2010). No additional quality 

control steps were performed on the extracted read files. Reads were aligned to the 

GRCh38 Gencode primary assembly and to individual CIZ1 transcripts (from Gencode 

v38 and (Veiga et al., 2022)) using HISAT2 v2.2.0 (Kim et al., 2019). Reads were also 

pseudoaligned to the Gencode v38 full annotation transcriptome file with kallisto v0.46.0 

(Bray et al., 2016), quantified and aggregated to gene-level transcripts per million (TPM) 

expression values using tximport v1.24.0 (Soneson et al., 2015). The same expression 

analysis pipeline was also completed on publicly-available RNA sequencing data from 

six breast cancer cell lines (BT-474: SRR8616195; MCF7: SRR8615758; MDA-MB-231: 

SRR8615767; SK-BR-3: SRR8615677) and two breast epithelium transformed cell lines 

(MCF-10A: SRR12877369). CIZ1 transcript read coverage was normalised to the 

canonical (ENST00000372938.10) exon 7 coverage, and then stratified by tumour stage, 

correlated with overall CIZ1 expression, and compared with adjacent normal tissue 

where possible. Similar analysis of ESR1 and TP53 was completed to rule out broader 

3’ coverage biases. CIZ1 alignments from both transcript and full genome mappings 

were inspected manually for novel, well-supported splice junctions in IGV Desktop for 

Windows v2.8.2 (Thorvaldsdottir et al., 2013). 

Top 10 stage II patients used to check for 3’ bias were as follows: TCGA-E9-A54Y, 

TCGA-LL-A6FR, TCGA-E9-A3X8, TCGA-AQ-A54O, TCGA-AQ-A54N, TCGA-WT-

AB41, TCGA-A2-A3XV, TCGA-LL-A5YL, TCGA-GM-A2DB, TCGA-AO-A03N.  
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2.8.2. Measuring CIZ1B transcript 

Analysis was performed by Dr Andrew Mason at the University of York. RNA-seq data 

from 433 lung cancer patients available from TCGA was accessed and analysed to 

measure expression levels of CIZ1 exons, and normalised relative to each individual 

canonical CIZ1 exon 7 as described above. Quantification of CIZ1B transcript was also 

carried out using the same 433 lung cancer patients and 1078 breast cancer patients. 

Reads were aligned to the CIZ1 canonical transcript (ENST00000372938.10) using 

HISAT2 v2.2.0 (Kim et al., 2019), and those mapping to the 3' end of exon 14 were 

extracted. Reads with gapped alignments which supported the CIZ1B-consistent 

truncation of exon 14 were counted compared to the overall coverage. Alongside 

analysis conducted by Dr Mason, I quantified the CIZ1B transcript relative to normal exon 

14/15 junction in normal tissues with assistance from Dr Mason to download and extract 

the relevant CIZ1 transcript data from the Genotype-Tissue Expression (GTEx) project 

portal (GTEx, 2013). RNA-seq data from 459 and 578 normal breast and lung tissue 

samples respectively were analysed, and the number of CIZ1B reads relative to the 

normal 14/15 junction was calculated to match the analysis conducted in the TCGA 

dataset. 

2.9. Ethics 

Primary human mammary epithelial cells were acquired with informed donor consent by 

Breast Cancer Now Tissue bank and accessed under local approval from the University 

of York Department of Biology Research Ethics Committee. 

All work with animal models is compliant with UK ethical regulations. Breeding of mice 

was carried out under UK Home Office license and with approval of the Animal Welfare 

and Ethical Review Body at the University of Leeds and the University of York. Analysis 

on cells and tissues derived from these mice was carried out with approval of the Animal 

Welfare and Ethical Review Body at the University of York. 
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3. Investigating the over-expression of CIZ1 transcripts in cancer 

and modelling them in murine cells and biochemically 

3.1. Introduction 

3.1.1. The Xi is highly corrupted in breast cancer 

Inactivation of the X chromosome is a mechanism of dosage compensation in female 

mammals (Ohno et al., 1959). A detailed description of the events in early development 

leading to X-inactivation, and CIZ1 involvement in these processes is provided in 

Chapter 1. There is extensive literature documenting corruption of the inactive X 

chromosome (Xi) in human tumours, this can include genetic mutations (Jager et al., 

2013, Cheng et al., 2015), but is also highly associated with epigenetic modifications. 

Disappearance of the Barr body (the original name for the Xi) in breast tumours has been 

known for decades and is considered a hallmark of cancer (Barr and Moore, 1957). 

Indeed one early study identified 67% of breast cancer patients exhibited Barr Body 

disruption (Borah et al., 1980), highlighting that it is not an uncommon phenotype that is 

observed in patients. 

Early literature suggested that loss of the Xi in cancer is caused by duplication of the 

active X chromosome (Xa) and entire chromosome loss of the Xi (Sirchia et al., 2005, 

Richardson et al., 2006). However more recent studies suggest that there is re-activation 

of the Xi via epigenetic changes, such as CpG hypomethylation (Moen et al., 2015, 

Winham et al., 2019), or loss of H3K27me3 and X-inactive specific transcript (Xist) at the 

Xi (Chaligné et al., 2015). It has also been suggested that both mechanisms leading to 

Xi loss could be occurring (Benoît et al., 2007, Kang et al., 2015a), and that both 

subtypes of X-chromosome malfunction probably exist in patient populations. It should 

be noted that Sirchia et al. (2005) and Richardson et al. (2006) conducted their analysis 

in cancer cell lines and in basal-like and high grade tumours respectively. Due to their 

time in culture or their advanced position in the cancer timeline, they could therefore 

have sustained genetic changes downstream of earlier events, including epigenetic 

changes. Indeed it has been frequently observed that epigenetic changes likely precede 

and go on to cause genetic changes in cancer (Brower, 2011). Here, we hypothesise 

that early drivers of Xi loss in cancer are mediated by epigenetic changes linked to CIZ1, 

rather than genetic changes. 
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3.1.2. BRCA1 and Xist in breast cancer 

The DNA damage response (DDR) is a mechanism evolved by cells to detect DNA 

damage, notify the cell of this damage, and initiate repair pathways, or if repair is not 

possible induce apoptosis (Jackson and Bartek, 2009). Breast cancer type 1 

susceptibility protein (BRCA1) is phosphorylated in response to double stranded DNA 

breaks, and thus plays a role in the DDR (Cortez et al., 1999). This makes BRCA1 an 

important tumour suppressor, and when mutated it has been implicated in cancer 

development via genetic and epigenetic dysregulation (Downs and Wang, 2015). As 

discussed in the introduction, Xist is a long non-coding RNA that is required for X-

inactivation (Penny et al., 1996). Thus, if there is a functional link between BRCA1 and 

Xist, this could provide a mechanism for Xi loss in breast cancer in patients that have 

dysfunctional BRCA1. Initially it was suggested that loss of BRCA1 could directly lead to 

loss of Xist localisation at the Xi, and when BRCA1 was introduced to BRCA1 deficient 

cells Xist staining appeared at the Xi (Ganesan et al., 2002). However multiple research 

groups have shown that Xist coats the Xi regardless of BRCA1 status (Vincent-Salomon 

et al., 2007, Xiao et al., 2007, Kang et al., 2015b). A more conservative view that has 

been suggested, is that BRCA1 involvement is broad, and is associated with a wide 

failure to maintain heterochromatin effectively in cancer (Pageau et al., 2007). Individuals 

with BRCA1 mutations do have a higher propensity for skewed X-inactivation 

(inactivation is not random and one X chromosome is selected for inactivation over the 

other), compared to patients without BRCA1 mutations. However, BRCA1 mutated 

patients that presented with skewed X-inactivation had later disease onset than un-

skewed patients, suggesting it to be beneficial in this subset of patients (Lose et al., 

2008). Considering this, clearly the relationship between BRCA1 and Xi status is still 

greatly misunderstood. However, regardless of the mechanism by which Xi is corrupted 

in breast cancer patients, the outcome is loss of dosage compensation and 

overexpression of X-linked genes relative to normal levels, which could include activation 

of oncogenes (Spatz et al., 2004). 

  



 64 

3.1.3. CIZ1 localisation at the Xi 

The Coverley lab has previously shown that CIZ1 is able to form large aggregates at the 

Xi, and co-localises with Xist and histone post translational modifications (PTMs) such 

as H3K27me3 (Ridings-Figueroa et al., 2017). In addition, CIZ1 null cells have been 

shown to form dispersed rather than discrete Xist clouds (Ridings-Figueroa et al., 2017, 

Sunwoo et al., 2017); and also display chromosome-wide loss of the repressive 

chromatin modifications H2AK119ub1 and H3K27me3, leading to inappropriate gene 

regulation (Stewart et al., 2019). This highlights the importance of CIZ1 expression, and 

suggests that it is part of a complex set of interactions involving, RNA:protein, 

protein:protein and protein:DNA interactions, though the full extent of these interactions 

remain unknown. Since Xi corruption is a hallmark of cancer, Ernesto Lopez, a former 

Masters student in the Coverley lab, investigated the status of CIZ1 at the Xi in a variety 

of breast normal and cancer cell lines. Utilising two different CIZ1 antibodies with 

epitopes at different ends of the protein allowed for identification of expression changes 

at the domain level (Figure 3.1A). This showed that in primary human epithelial cells and 

a normal breast cell line, that CIZ1 was localised to the Xi as expected, and that N and 

C-terminal domain expression was largely balanced (Figure 3.1B). However, in most of 

the breast cancer lines CIZ1 was not localised to the Xi, and additionally in some cases 

expression of the N and C-terminus was uncoupled (Figure 3.1C). 

  



 65 

 
Figure 3.1. CIZ1 status at the Xi in normal and cancer breast cells 

A. Diagram of CIZ1 identifying the location of the epitopes of the antibodies used to 

measure CIZ1 protein in breast-derived cells. Since the antibodies are from different 

species, they can be applied together to measure the CIZ1 replication domain (RD) and 

anchor domain (AD) status in the same cell at the same time. Diagram produced using 

IBS software (Liu et al., 2015b). 

B. Immunofluorescence images of normal breast cells used in analysis, including primary 

human mammary epithelial cells (HMEC) and a commonly used breast normal cell line 

(MCF10A). Images taken by Ernesto Lopez and presented by Dawn Coverley. Coloured 

images are a merge of blue DNA, red CIZ1 replication domain (RD), green CIZ1 anchor 

domain (AD). Grayscale images are individual red and green channels of CIZ1 RD and 

CIZ1 AD respectively. Images from B and C are to the same scale, scale bar is 10μm.  

C. Four breast cancer cell lines. Images taken by Ernesto Lopez and presented by Dawn 

Coverley. 
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3.1.4. CIZ1 corruption in cancer 

An extensive description of CIZ1 corruption in cancer has been provided in the 

introduction, but in summary this is seen across multiple cancer types and can include 

under-expression, over-expression and aberrant alternative splicing. Pre-existing data 

produced by Heather Sercombe, a former member of the Coverley lab, identified over-

expression of 3’ transcripts of CIZ1 in multiple cancer types. It was hypothesised that 

these transcripts might lead to over-expression of translated small C-terminal fragments, 

implicated in a dominant negative (DN) mechanism in cancer. This is supported by our 

most recently published data, which showed that both the N and C-terminus of CIZ1 

must be present in the same polypeptide to localise CIZ1 to the Xi (Sofi et al., 2022). 

Thus, overexpression of the C-terminus would be unable to localise to the Xi, but could 

in theory interact with endogenous CIZ1 complexes, or its binding partners, and lead to 

corruption as seen in cancer cell lines (Figure 3.1C). Consolidation of this data, and new 

investigation into the mechanisms involved, is the focus of this chapter. 

3.2. Aims 

• Investigate 3’ overexpression of CIZ1 amplicons in human tumours by analysing 

The Cancer Genome Atlas (TCGA) data and relate to putative protein C-terminal 

overexpression. This objective was explored with support and close collaboration 

of Bioinformatician Dr Andrew Mason, who is an approved and registered user of 

TCGA and Viking 

• Model CIZ1 C-terminus overexpression in cells, via transient transfection of GFP 

tagged CIZ1 constructs 

• Explore domain requirements by creation of mutants of CIZ1 C-terminal 

fragments and look for differences in endogenous CIZ1 behaviour 

• Create, express and purify C-terminal CIZ1 and associated mutants in bacteria 

and measure differences in their biochemical properties 

3.3. Experimental Design 

All data described here involving the use of human samples and cell lines and cancer 

datasets focuses on breast cancer, but may also be applicable to a range of other cancer 

tissue types (for which we have much less extensive evidence). We chose to focus on 

breast cancer for two reasons i) the vast majority of breast cancer occurs in women, so 

this allows us to use the Xi as a model to monitor CIZ1 corruption in cancer, and as 

described above this is a long documented phenotype observed in cancer; ii) normal 

control breast tissue is easier to obtain than for other tissue types, and further 

strengthens our analysis since we do not have to rely only on “normal” control cell lines.   
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3.3.1. Identifying 3’ transcript overexpression in TCGA dataset 

Patient RNA data for 1095 primary breast cancer samples, 113 adjacent normal samples 

and several breast normal and cancer cell lines (MCF10A and MCF7, BT-474, SK-BR-3 

and MDA-MB-231 respectively), were downloaded and aligned to CIZ1 (Dr Mason). To 

quantify individual exon expression and identify if 3’ overexpression was observed, each 

transcript read coverage was internally normalised to the canonical 

(ENST00000372938.10) exon 7 coverage. This is in line with quantitative reverse 

transcription polymerase chain reaction (qRT-PCR) analysis in Figure 3.2A. This exon 

was utilised for calibration due to its central location and because it has not been 

implicated in any cancer associated alternative splicing, unlike other CIZ1 exons (Swarts 

et al., 2018).  

3.3.2. C-terminal fragment modelling 

C-terminal overexpression was modelled in a mouse cell line (D3T3) and primary 

embryonic fibroblasts (PEFs), to investigate if any changes were seen in endogenous 

CIZ1-Xi status as a consequence. The constructs used corresponded to the terminal 181 

and 275 amino acids of murine CIZ1 (referred to as C181 and C275 respectively). They 

both contained an N-terminal GFP tag, and were transiently transfected for 24 hours 

prior to immunofluorescence to monitor the status of endogenous CIZ1. A set of deletion 

constructs were created via PCR mutagenesis to generate proteins lacking domains of 

interest.  

3.3.3. in vitro analysis 

Mutant forms of the GFP tagged CIZ1-C181 were also created in the GST tagged CIZ1 

system for biochemical analysis. These were transformed into BL21 cells to facilitate 

expression and downstream purification of protein products. These were subsequently 

analysed by size exclusion chromatography (SEC), size exclusion chromatography 

multiple laser light scattering (SEC-MALLs) and western blot analysis. 
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3.4. Results 

3.4.1. Overexpression of CIZ1 3’ transcripts in the TCGA 

Prior to my studies, analysis of CIZ1 transcript expression levels in different tissues 

(including normal and multiple stages of cancer development) measured by qRT-PCR 

was conducted by Heather Sercombe. Two amplicons were measured, one at the 5’ end 

and the other at the 3’ (Figure 3.2A), which correspond to the N-terminal replication 

domain (RD) (Coverley et al., 2005, Copeland et al., 2010, Copeland et al., 2015) and 

the C-terminal anchor domain (AD) (Ainscough et al., 2007) of CIZ1 respectively. Only 

the breast tissue data is visualised here to provide context for the follow up work that I 

conducted. Both domains of CIZ1 were elevated compared to histologically normal 

tissue, as early as stage I, which is consistent with previous reports of elevation of CIZ1 

in breast (den Hollander et al., 2006). However, in addition to this observation, it was 

also noted that there was a marked disparity between 5’ and 3’ amplicons, with increased 

3’ expression as early as stage I when comparing exon 7 to exon 16. 

Analysis of exon representation in tumour samples from TCGA patients confirmed the 

previous result, that CIZ1 RD exons (exons 5 and 7) were significantly under-

represented compared to AD (exons 14 and 16) at all stages (Figure 3.2B). Comparison 

of exon 5, 14 and 16 expression in the normal adjacent and tumour samples from TCGA, 

showed that exon 5 is under-expressed in the tumour samples relative to the adjacent 

samples, whereas exon 14 and 16 are over-expressed in the tumour samples relative to 

the adjacent samples (Figure 3.2C). This 3’ elevation in tumour samples is evident 

between exon 9 and 12, and is further exaggerated at exon 13 onwards. This could be 

explained by the additional presence of the already known CIZ1-F splice variant that is 

present in breast cancer samples which lacks exon 8-12 (Swarts et al., 2018), which 

could lead to antagonistic mechanisms of under-representation of exons 8-12, 

competing with the over-expression from exon 10 onwards.  

To evaluate the possibility of technical over representation of 3’ sequences the ten 

patients that displayed the most extreme 3’ bias of CIZ1 (ranging from 2.8 to 5.3 Log2FC 

when comparing exon 15 to exon 7), showed none or minor 3’ bias in control genes 

oestrogen receptor alpha (ERα, ESR1) and tumour protein 53 (TP53) respectively 

(Figure 3.2D) relative to their own internal controls. This provides further confidence that 

the 3’ overexpression is not related to library preparations via polyA capture RNA 

sequencing. 
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Figure 3.2. CIZ1 RNA expression in TCGA 

A. Data provided by Heather Sercombe and Dawn Coverley. CIZ1 expression measured 

by qRT-PCR analysis of cDNA in a microarray (BCRT103 and CSRT101). Primers in 

exon 7 and 15 allow quantification of 5’ and 3’ CIZ1. 5’ and 3’ expression was internally 

normalised to normal (stage 0) to calculate relative quantity (RQ) of CIZ1 in tumours. 

Comparison of exon 7 and 16 expression within stages is by t-test. ***=p<0.001. 

N=samples measured. 

B. CIZ1 expression in breast cancer TCGA samples across disease stages. Each patient 

was internally normalised to exon 7 expression to facilitate measurement of differences 

in fold change (FC) expression for exons 5, 7, 14 and 16. Statistical analysis of elevation 

of exon 16 relative to exon 5 was conducted using a Mann-Whitney U test. Stage I, p=0; 

stage II, p=0; stage III, p=0; stage IV, p=0.000002. N=samples in each stage. The total 

unrepresented number of outliers for exon 5, 14 and 16 respectively are stage I: 9, 25 

and 39, stage II: 18, 54 and 86, stage III: 3, 10 and 17 and stage IV: 3, 5 and 6 

C. CIZ1 expression in all breast cancer and normal adjacent TCGA samples. Each 

patient was internally normalised to exon 7 expression to facilitate measurement of 

changes in fold change (FC) expression. Statistically significant elevation of exon 14 and 

16 and reduction of exon 5 in cancer relative to exon 14,16 and 5 respectively in normal 

tissue was revealed by a Mann-Whitney U test. Exon 5 p=0.000007; exon 14 

p=0.000004; exon 16 p=0.000175. Error bars show SEM. N=number of samples 

measured. 

D. Comparison of exon expression of CIZ1 and two control genes ESR1 and TP53 in the 

ten breast cancer patients that displayed the highest CIZ1 exon 15 over expression. 

Transcript expression is internally normalised in each sample to the exon stated. 

Statistical analysis of 3’ expression relative to 5’ expression was conducted using a t-

test. CIZ1 p=0.00045; ESR1 p=0.050; TP53 p=0.037. 

Breast cancer BCRT103, CSRT101 

R
Q

 b
y
 d

is
e

a
s
e

 s
ta

g
e

Exon 7

Exon 16

0

5

10

15

20

25

30 N=     3      14     18    18      7 

*** ****** ***ns

A

L
o

g
2
F

C
 r

e
la

ti
v
e

 t
o

 e
x
o

n
 7

B

0       I       II       III      IVStage:

F
C

 r
e

la
ti
v
e

 t
o

 e
x
o

n
 7

0

1

2
******

***

Normal
N=113

Cancer
N=1095

C

L
o

g
2
F

C
 r

e
la

ti
v
e

 t
o

 n
o

rm
a

lis
e

d
 e

x
o

n

D

-4

-3

-2
-1

0

1
2

3

4

5
6

-4

-3

-2
-1

0

1
2

3

4

5
6

-4

-3

-2
-1

0

1
2

3

4

5
6

-4

-3

-2
-1

0

1
2

3

4

5
6

5 7 14 16 5 7 14 16 5 7 14 16

*** *** ***

5 7 14 16

***

-4

-2

0

2

4

6

-4

-2

0

2

4

6 ESR1 scaled 
to exon 5

TP53 scaled 
to exon 6

-4

-3

-2
-1

0

1
2

3

4

5
6

CIZ1 scaled to exon 7
N=10 (most extreme 3’ bias) 

Exon

Stage I 

N=279

Stage II

N=631

Stage III

N=137

Stage IV

N=40



 70 

3.4.2. Cancer cell lines show CIZ1 3’ transcript overexpression and CIZ1 protein 

status is corrupted 

Analysis of CIZ1 transcript coverage in the same normal and four breast cancer cell lines 

used in Figure 3.1 was conducted (Figure 3.3A). Cancer subtype based on information 

on receptor status was taken from (Subik et al., 2010). As in primary tumours, this 

revealed cancer specific CIZ1 3’ overexpression starting at around exon 11 (Figure 

3.3B). This was variable across the cell lines, with SK-BR-3 displaying the highest 

elevation, followed by MCF7 and MDA-MB-231, and very minimal elevation in the BT-

474 line. However, the BT-474 line may show evidence to support the existence of the 

CIZ1-F transcript, due to the fall in expression of exon 8-12, and may therefore still 

harbour a cancer specific CIZ1 transcript. Since only one cell line of each subtype was 

analysed it’s not possible to draw conclusions on whether a particular subtype is more 

susceptible to a CIZ1 3’ elevation, and this would be an interesting avenue to pursue 

using the TCGA data and separating patients based on breast cancer subtype. 

To investigate if the 3’ elevation led to expression of C-terminal protein fragments, 

western blot analysis was conducted (Figure 3.3C). The molecular weight of human CIZ1 

is predicted to be 100kDa, and routinely members of the Coverley lab observe two 

different CIZ1 forms that migrate near the 130 and 100kDa marker, referred to hereafter 

as CIZ1 isoform 1 and 2 respectively. Since CIZ1 is routinely observed to be retarded in 

denaturing gel electrophoresis, (this is validated later using purified recombinant 

proteins), my hypothesis is that the larger entity (isoform 1) corresponds to the full-length 

form. Since the smaller entity (isoform 2) is consistently not identified via antibodies that 

recognised extreme C-terminus epitopes (Rabbit Ex17), I suggest that it lacks this part 

of the protein. It’s elevation in cell lines compared to the normal primary patient cell lysate 

(human mammary epithelial cells, HMEC), suggests it is not the predominant form in 

normal human adult cells, but is a feature of long-term culture. Surprisingly, whilst 

isoform 1 is identified in all samples by the N-terminal antibody, and is relatively 

consistently expressed (with the exception of the metastatic cancer cell line MDA-MB-

231), it is not consistently identified by the C-terminal Rabbit Ex17 antibody. In fact, 

detection via exon 17 suggests elevation in the three primary tumours (MCF7, BT-474, 

SK-BR-3) compared to the normal samples and the metastatic cancer (MDA-MB-231). 

Lack of agreement between N-terminal and C-terminal antibodies with respect to isoform 

1, could be consistent with PTMs at the C-terminus that mask the exon 17 epitope. PTM 

modifications in this region, and their involvement in CIZ1 regulation, are explored further 

in Chapter 4 so won’t be discussed further here. 
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Since a drop in exon 17 transcript expression is observed in both normal and cancer 

patients, and in the cell lines (Figure 3.2C,3.3B), this suggests that there could be 

limitations to using an antibody at the extreme C-terminus to measure CIZ1 C-terminal 

expression. Considering this, the use of different C-terminal antibodies was explored. An 

antibody that binds more upstream of the C-terminus (Rabbit Ex16), revealed multiple 

protein entities, which could include CIZ1 isoforms as well as non-specific interactions. 

The use of an additional C-terminal antibody, with an epitope contained in the last ZF of 

CIZ1, proved to be too non-specific for use (data not shown). However, shared protein 

forms recognised by this antibody, and the Rabbit Ex16 antibody, have been highlighted 

by arrows. This provides preliminary evidence for the existence of upregulated C-

terminal CIZ1 fragments in cancer cell lines, but also highlights considerable complexity 

across the different cell lines.  

The disparity between the ponceau S stained membrane (total protein), and the actin 

and histone antibody outputs, documents the problems that were encountered when 

trying to ensure consistent loading of samples from patients and cell lines. This highlights 

the requirement to inspect multiple loading controls to ensure correct sample loading. 

Whilst follow up experimentation is required, these blots provide early evidence of CIZ1 

C-terminal fragments in breast cancer, and illustrates that there are multiple points of 

dysregulation of CIZ1 protein status in breast cancer. 
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Figure 3.3. CIZ1 RNA and CIZ1 protein expression in cell lines 

A. Breast-derived cell lines used in experimentation. MCF10A are a normal tissue-

derived cell line. Information taken from (Subik et al., 2010). 

B. CIZ1 transcript expression in normal (MCF10A) and cancer (MCF7, BT-474, SK-BR-

3, MDA-MB-231) breast cell lines. Each line is normalised internally to exon 7 expression 

to measure fold change (FC) across exons. 

C. Western blot analysis of CIZ1 forms in primary patient (HMEC), normal (MCF10A) 

and cancer (MCF7, BT-474, SK-BR-3, MDA-MB-231) breast cell lines. Putative CIZ1 

cancer specific forms are highlighted with arrows. Diagram details antibody epitope 

location on a map of CIZ1 domains. 
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3.4.3. Dominant Negative Affect of GFP-tagged C-terminal CIZ1 Constructs  

I wanted to model the effect of the overexpression of C-terminal anchor domain (AD) 

containing fragments, first in a murine cell line (D3T3) to collect preliminary data and 

optimise the assay, and then in murine primary embryonic fibroblasts (PEFs) to confirm 

outcomes under near physiological conditions. GFP-tagged C-terminal constructs were 

transfected into female cells (D3T3 or PEF), and their effects on endogenous CIZ1 at Xi 

were visualised using an antibody with an epitope located in the N-terminus of CIZ1 to 

avoid cross reaction with the ectopic CIZ1 fragment (Figure 3.4A).  

Using a lipid-based transient transfection method only a subset of cells receive vector, 

generating an internal control set within every population. Comparison of the 

untransfected (UT) population to those transfected with the GFP empty vector (vector 

control) showed no observable difference in endogenous CIZ1, with ~80% of cells 

containing a measurable CIZ1-Xi assembly (Figure 3.4B). Whilst GFP-tagged forms of 

full length CIZ1 localise at pre-existing Xis in WT cells (Sofi et al., 2022), the small C-

terminal forms studied here are unable to. In fact, cells transfected with C275 or C181 

have disrupted endogenous Xi-CIZ1. This led to a measurable drop in cells that 

contained a discrete CIZ1 assembly that resembles the CIZ1-Xi accumulation normally 

found within the nuclei of the UT and GFP population (approximately 40%). This 

suggests that they interfere with endogenous CIZ1 in a dominant-negative (DN) 

mechanism. There was no difference between the effect of C275 and C181 construct, 

which suggests that the zinc fingers (ZF) are not required for the dispersal mechanism. 

All further experimentation after this utilised the C181 fragment.  

To enable subtler evaluation in the next phase of experimentation, the assay was further 

optimised to include the use of three scoring criteria for CIZ1 Xi status, rather than the 

two previously used. Nuclei that contained endogenous CIZ1 which had a dispersed or 

diffuse appearance across the nucleus, or where the CIZ1-Xi staining was visibly smaller 

or weaker compared to the expected larger and brighter accumulations at the Xi, were 

classified as an “intermediate” phenotype. By adding an “intermediate” category in 

addition to a present or absent CIZ1 marked Xi, potential ambiguity in whether to count 

or reject cells with these phenotypes was avoided. Example pictures of the three 

phenotypes observed and scored is shown in Figure 3.4C, with the green channel 

omitted to aid visualisation. 
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As seen before there was no observable difference between the UT and vector control 

population, while C181 caused a decrease in cells with CIZ1 marked Xis. However, with 

the addition of a third phenotype the ~60% of the population affected by the C181 

fragment is now divided across two groups, with a measurable increase in the number 

of cells in the intermediate and absent category in C181 transfected population 

compared to the UT and vector control cells (Figure 3.4D). The reduction in CIZ1 

assemblies was also confirmed by non-subjective measurement of endogenous CIZ1 

fluorescence intensity using FIJI, which reported a drop in maximum nuclear CIZ1 

fluorescence intensity in transfected cells compared to untransfected cells (Figure 3.4E). 

During the pandemic I took a leave of absence from my studies to work in a COVID 

testing lab, and during this time the downstream consequences of expression of my 

C181 fragment was tested using the above regime by Dawn Coverley and Louisa 

Williamson. Using PEFs, they confirmed the effect on endogenous CIZ1, and then 

monitored the status of two histone repressive marks that are normally enriched at the 

Xi. The number of cells with the H3K27me3 modification enriched at the Xi showed no 

changes between UT and C181 transfected cells, which was present in approximately 

80% of the population, as previously observed (Ridings-Figueroa et al., 2017). In 

contrast the H2AK119ub1 modification showed a significant drop in C181 transfected 

cells compared to UT cells, from ~70% to ~20%. We hypothesise that cells that show 

dispersal of the endogenous CIZ1 assemblies, correspond to cells that also show loss 

of H2AK119ub1. However, since these parameters were tested in independent 

populations, it cannot be formally concluded from this data. Upon application of the broad 

spectrum deubiquitinase (DUB) inhibitor PR-619, in parallel with C181 in transfected 

cells, the fall in number of cells with a H2AK119ub1 modification was partially abrogated 

(Figure 3.4F). Example pictures of the cell populations can be seen in Figure 3.4G. This 

suggests that exposure to DUBs may be the cause of H2AK119ub1 loss. 

  



 75 

 
Figure 3.4. C-terminal overexpression modelling in mouse cells 

A. Diagram of murine CIZ1 full-length protein and the small C-terminal fragments used 

to model the effects of C-terminus overexpression. The domains highlighted are: prion 

like domain 1 and 2 (PLD1 and PLD2) at position 1-67 and 361-399 respectively, as 

documented in (Sofi et al., 2022); three zinc fingers (ZF1, ZF2 and ZF3) at positions 537-

561, 600-620 and 631-653 respectively (ZnF_C2H2 SM00355, ZF_C2H2 sd00020 and 

ZF_C2H2 sd00020); an acidic domain (AcD) containing a highly concentrated area of 

aspartates and glutamates at position 746-779; and a matrin-3 like domain at position 

746-770 (ZnF_U1 smart00451). C275 and C181 correspond to the terminal 275 and 181 

0

50

100

150

200

250

AcD MH3 ZFZF PLD2PLD1 

DNA replication domain (RD) Anchor domain (AD)

ZF 

CIZ1 RD Ab

Y

CIZ1 marked Xi (Present)

Dispersed/diffuse CIZ1 patch (Intermediate)

DNA CIZ1-RD

0%

20%

40%

60%

80%

100%

UT

C
IZ

1
-m

a
rk

e
d

 X
i 
(%

 c
e

lls
)

GFP-
C181

Vector
control

N
=

5
(9

) 
n

=
5

3
4

N
=

4
(6

) 
n

=
3

3
9

N
=

6
(1

3
) 

n
=

7
0
5

ns

ns

***

***

**

ns

IntermediatePresent Absent

GFP

GFP

No CIZ1 marked Xi (Absent)

Present AbsentIntermediate

0% 20% 40% 60% 80% 100%

GFP-C181

UT

GFP-C181

UT

GFP-C181

UT

GFP-C181

UT

H2AK119ub1 (with 5μM PR-619 DUB inhibitor)

Endogenous CIZ1

H3K27me3

H2AK119ub1

***

*

ns

n
s

p=0.06

ns

N=2(7) n=236

N=2(5) n=161

N=1(3) n=38

N=1(3) n=29

N=1(4) n=46

N=1(4) n=47

N=1(3) n=31

N=1(3) n=32

Cells with occupied Xi

n
=

8
9

n
=

 5
5

UT GFP
C181

M
a
x
im

u
m

 f
lu

o
re

s
c
e
n

c
e
 i
n

te
n

s
it
y

GFP-C181

GFP-C275

No CIZ1 assembly

CIZ1 assembly

DNA GFP-181 Endog. CIZ1

DNA GFP-181 H3K27me3

DNA GFP-181 H2A119ub1

A

C

B

D E

F

G

Primary embryonic fibroblasts (PEFs)

D3T3 cells

DNA

GFP

CIZ1

DNA
GFP-

C181

CIZ1

0%

20%

40%

60%

80%

100%

V
ec

to
r c

on
tro

l
U
T

N
=

2
(3

) 
n

=
5

8
6

ns

ns

N
=

2
(3

) 
n

=
1

9
8

N
=

2
(3

) 
n

=
2

2
5

N
=

2
(3

) 
n

=
2

2
1

***

G
FP-C

27
5

G
FP-C

18
1

DNA
GFP-

C275

CIZ1



 76 

amino acids of CIZ1 respectively. Both C-terminal constructs have a GFP tag at the N-

terminus for visualisation. Diagram produced using IBS (Liu et al., 2015b). 

B. Left: Results of dispersal assay in D3T3 cells. Cells were grouped into two categories, 

either having a present CIZ1 Xi patch or an absent CIZ1 Xi patch. Statistical analysis of 

the proportion of cells in the present category to compare dispersal capabilities was 

conducted using a One-way ANOVA with a Tukey post hoc test. UT and GFP empty 

vector, p=0.12; GFP empty vector and C275, p=4.42x10-7; GFP empty vector and C181, 

p=2.55x10-7; C275 and C181, p=0.58. Error bars show SEM. N=biological replicates and 

within this the total number of technical replicates, n=nuclei scored. Right: Example 

pictures of status of cells used in analysis. Scale bar is 10μm. 

C. Illustration of dispersal assay in D3T3 cells using a three category scoring system. 

Examples images were taken under identical exposure parameters, showing three 

categories of nuclei with either discrete aggregates of CIZ1 at Xi (red, upper), no 

detectable CIZ1 and Xi (red, lower), or intermediate (dispersed into multiple smaller 

aggregates or diminished in overall staining intensity) (red, middle). DNA is blue. Images 

are enhanced for reproduction, but are scored or quantified prior to manipulation. Scale 

bar is 10μm. 

D. Comparison of transfection of C181 and GFP empty vector control in dispersal assay 

using the three category method. Statistical analysis of the proportion of cells in each 

category to compare dispersal capabilities was conducted using a One-way ANOVA with 

a Tukey post hoc test. UT and GFP empty vector: CIZ1 marked Xi, p=0.94; 

dispersed/diffuse CIZ1 patch, p=0.71; no CIZ1 marked Xi, p=0.97. GFP empty vector 

and C181: CIZ1 marked Xi, p=4x10-6; dispersed/diffuse CIZ1 patch, p=0.0015; no CIZ1 

marked Xi, p=0.00016. N=biological replicates and within this the total number of 

technical replicates, n=nuclei scored. Error bars show SEM. 

E. Box and whisker plot showing maximum endogenous CIZ1 fluorescence intensity per 

nucleus, in transfected and untransfected cells, derived from unmodified images using 

FIJI. n=nuclei measured. The total unrepresented number of outliers are 4 for UT and 5 

for C181. 

F. Graph shows the frequency of endogenous CIZ1-Xi aggregates in nuclei that are or 

are not expressing C181, compared to frequency of repressive marks. All data here is 

collected from primary embryonic fibroblasts (PEFs) at passage 2-3. Statistical analysis 

of the proportion of cells in the present category to compare dispersal capabilities was 

conducted using a t-test. Endogenous CIZ1 in UT and C181 cells, p=0.00033. 

H3K27me3 in UT and C181 cells, p=0.79. H2AK119ub1 in UT and C181 cells, p=0.016. 

H2AK119ub1 in UT and C181 cells treated with 5μM PR619, p=0.36. H2AK119ub1 in 

UT untreated and UT treated with 5μM PR619, p=0.99. H2AK119ub1 in C181 cells 

untreated and C181 cells treated with 5μM PR619, p=0.061. N=biological replicates and 

within this the total number of technical replicates, n=nuclei scored. Error bars are SEM.  

G. Example pictures of status of endogenous CIZ1, H3K27me3 and H2AK119ub1 in 

untransfected and C181-transfected cells. Scale bar is 5μm.  
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3.4.4. MH3 domain is implicated in the dominant negative dispersal effect of C181 

To unpick the DN effect of the CIZ1 C-terminal fragment further, I focused on the 

functional domains in C181 and generated a set of deletion constructs (Figure 3.5A) for 

analysis in the cellular context. These mutants included deletion of: the matrin-3 domain 

(MH3); a region downstream of the MH3 that is perfectly conserved in human and murine 

CIZ1 (ΔNALTAF), which also harbours cancer-associated polymorphisms detected by 

whole exome sequencing and documented in COSMIC v90 (released 05-SEP-19) (Tate 

et al., 2019); the terminal 37 amino acids (Δ37), that we observe is removed during 

recombinant CIZ1 expression in bacteria (described further below); and I122 a pre-

existing Coverley lab construct described in (Ainscough et al., 2007), that lacks most of 

the upstream AcD and downstream the terminal 15 amino acids. 

Analysis of the number of cells positive for GFP-CIZ1 with and without the presence of 

detergent prior to fixation showed that they were all expressed and were primarily nuclear 

proteins, but had variable resistance to detergent (example pictures with average cells 

positive for GFP-CIZ1 can be seen in Figure 3.5B). This suggests that within a 

transfected population some cells have established bound/assembled forms of CIZ1, 

and others contained soluble forms. The two constructs that showed the highest degree 

of extractability were the Δ37 and the ΔMH3 constructs, with a percentage fall of 66% 

and 85% respectively upon addition of detergent, whereas the C181, ΔNALTAF and I122 

were less affected by detergent, falling to 55%, 40% and 33% respectively (Figure 3.5C). 

This suggested that the MH3 domain and the terminal 37 amino acids are implicated in 

the anchorage of the AD of CIZ1 to insoluble components of the nucleus. Analysis of the 

dispersal capability of these constructs was conducted in the presence of detergent since 

I wanted to analyse potential effects on the bound form of endogenous CIZ1. 

The majority of the CIZ1 mutants (ΔNALTAF, Δ37 and I122) showed no differences in 

dispersal capability compared to C181, and in all these conditions approximately 20% of 

the population had endogenous CIZ1 present at the Xi (Figure 3.5D). This suggests that 

these regions are not implicated in the dispersal mechanism. However, deletion of the 

MH3 domain did lead to a small but significant abrogation in the dispersal capability of 

the construct, leading to an increase from 20% to 40% endogenous CIZ1 present in the 

ΔMH3 transfected population (Figure 3.5D). FIJI analysis of maximum nuclear intensity 

as described above, was conducted on C181 and ΔMH3, and this corroborated the cell 

scoring result. It showed an increase in maximum nuclear intensity of C181 ΔMH3 

compared to C181 (Figure 3.5E), though both constructs remain capable of affecting 

assembly intensity when compared to untransfected cells in the same population. This 

suggests that the MH3 domain is involved in a key interaction that facilitates the dispersal 

of the endogenous CIZ1. 
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Figure 3.5. Comparison of GFP tagged CIZ1 mutants 

A. CIZ1 fragments transiently transfected into murine cells. used for biochemical 

analysis. Numbers indicate the boundaries respective to the amino acid numbers of the 

murine full length CIZ1. Domains highlighted are the acidic domain (AcD) and matrin 3-

homology domain (MH3). Diagram produced using IBS software (Liu et al., 2015b). 

B. Fluorescent field views of CIZ1 C-terminal mutants. –D and +D correspond to the 

absence or presence of detergent prior to fixation. The percentages reflect number of 

cells positive for GFP-CIZ1. Scale bar is 5μm 

C. Percentage fall in CIZ1 construct presence upon detergent treatment 

D. Left: Frequency of endogenous CIZ1-XI aggregates in nuclei that are not expressing 

C181 (UT) or various different C181 based constructs, expressed as three categories; 

present, absent or intermediate, as shown in Figure 3.4C. Statistical analysis of the 

proportion of cells in the present category to compare dispersal capabilities was 

conducted using a One-way ANOVA with a Games-Howell post hoc test. UT and C181 

p=1.9x10-4, C181 and ΔMH3 p=0.040, C181 and ΔNALTAF p=0.93, C181 and Δ37 

p=0.52, and C181 and I122 p=1. N=technical replicates, n=nuclei scored. Error bars 

show SEM. Analysis performed in D3T3 cells. Right: Example pictures of D3T3 cells 

used in analysis. Scale bar is 10μm. 

E. Left: Box and whisker plot of maximum endogenous CIZ1 fluorescence intensity per 

nucleus, in untransfected (UT) cells compared to C181 and ΔMH3 transfected cells. 

n=nuclei measured in each group. Analysis performed in PEFs. The total unrepresented 

number of outliers in UT, C181 and ΔMH3 are 39, 0 and 14 respectively. Right: Example 

images of PEFs used in analysis. Scale bar is 5μm. 
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3.4.5. MH3 Domain is required for Dimerisation of CIZ1 

To extend my in vitro dispersal analysis, similar C181-derived deletion mutants were 

generated in GST tagged vectors (Figure 3.6A), allowing for their expression and 

purification for use in biochemical assays. Analysis of these forms of CIZ1 in sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) shows the existence 

of multiple forms of CIZ1 in some cases (Figure 3.6B). During bacterial expression C181 

appears to undergo a cleavage event at the extreme C-terminus, leading to the existence 

of a full form and a “cleaved” form observable in coomassie stained gels. The 

approximate cleavage location has been estimated to occur 37 amino acids upstream of 

the C-terminus, based on absence of representative peptides in mass spectrometry 

analysis (Adam Dowle at the University of York, not shown), and by loss of epitope for 

our C-terminal CIZ1 antibody (Figure 3.6B). To facilitate production of pure preparations, 

and to test if this region of CIZ1 has any functional relevance I created the Δ37 form. 

All C181-derived deletion constructs were analysed via size exclusion chromatography 

(SEC), to observe if removal of any domains led to unanticipated changes in the elution 

profile. SEC allows the user to identify any changes in size or shape of the protein, since 

elution time should only be altered based on a proteins ability to enter the pores of the 

stationary phase of the column, irrespective of charge. Larger entities cannot enter 

through all the pores as effectively so elute earlier, whereas smaller entities can so they 

elute later. A shift to a later elution time would suggest a reduction in multimeric state or 

a more condensed shape. Allowing for the loss of 37 amino acids, the elution position of 

C181 and Δ37 was similar, suggesting that the terminal amino acids have no role in 

native CIZ1 state (Figure 3.6C). However, there was a shift in elution time in ΔMH3, 

suggesting either a change of conformation or a reduction in multimeric state. The 

creation of the double mutant ΔMH3,37 led to similar elution times as ΔMH3, suggesting 

that deletion of MH3 alone is sufficient for this change in native CIZ1. The traces shown 

in Figure 3.6C are cropped to the CIZ1 peak of interest, the full SEC traces are presented 

in Appendix A. 
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Further size exclusion chromatography coupled with multiple angle laser light scattering 

(SEC-MALLs) analysis of C181 and ΔMH3 generated an accurate molecular weight 

estimate of these entities. This confirmed that C181 exists as a dimer under native 

conditions, whereas ΔMH3 exists as a monomer (Figure 3.6D).  This suggests that the 

MH3 domain is a dimerisation interface. Modelling of C181 secondary structure, using 

AlphaFold2 (Mirdita et al., 2022), corroborated our experiential data and predicted that a 

β-strand within each MH3 domain forms the basis for the dimerisation to form an anti-

parallel dimer in vitro (Figure 3.6E). The traces shown in Figure 3.6D are cropped to the 

CIZ1 peak of interest, the full SEC-MALLs traces are presented in Appendix B. 

To test whether the MH3 domain is required for the reported ability of murine C181 to 

directly bind RNA (Sofi et al., 2022), I utilised an electrophoretic mobility shift assay 

(EMSA). If the RNA probe being measured is able to bind to the protein, it is retarded in 

the gel due to the increased size, thus an observable shift upwards is reflective of a 

RNA:protein complex. Previous work has shown that the C-terminus of CIZ1 binds 

promiscuously to multiple RNA forms, including GAPDH RNA (Sofi et al., 2022), so this 

was used to compare RNA binding capabilities of C181 and ΔMH3. Analysis of the 

digoxigenin (DIG) labelled GAPDH probe showed that loss of the MH3 domain did lead 

to loss of RNA interactions in vitro. However, C181 interactions with RNA were weak, 

and indeed when comparing bound and unbound RNA at the highest total protein 

concentration there is still a large proportion of unbound RNA. This is in line with our 

previous results suggesting that there are CIZ1 RNA interactions in the AD, but they are 

weak and promiscuous compared to the RD (Sofi et al., 2022). Furthermore, at this point 

it is not clear whether the MH3 domain binds RNA directly or whether dimerisation itself 

is required for RNA binding.  

Dependence on the MH3 domain for dimerisation leads us to the hypothesis that the 

ability to dimerise impacts on the ability of C181 to disperse endogenous CIZ1 

assemblies. 
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Figure 3.6. Biochemical analysis of CIZ1 C-terminal fragments 

A. CIZ1 fragments used for biochemical analysis. N-terminal glutathione S-transferase 

(GST) tag allows production of purified protein. Numbers indicate the boundaries 

respective to the amino acid numbers of the murine full length CIZ1. Domains highlighted 

are the acidic domain (AcD) and matrin 3-homology domain (MH3). Diagram produced 

using IBS software (Liu et al., 2015b). 

B. SDS-PAGE analysis of CIZ1 C-terminal proteins. Coomassie staining allows 

visualisation of all protein fragments present. Western blot analysis confirms that all 

forms in the coomassie are CIZ1, and loss of antibody cross reactivity is based on 

epitope location in CIZ1 and their subsequent loss in mutants. 

C. Size exclusion chromatography (SEC) analysis of CIZ1 mutants. Protein presence 

was detected using UV absorbance at 280nm. Elution profile is cropped to region 

containing the peak of interest. Western blot corresponds to C181 elution profile. 

D. Size exclusion chromatography multiple laser light scattering (SEC-MALLs) analysis 

of CIZ1 mutants. Peaks correspond to UV absorbance at 280nm on the left hand y-axis 

and lines reflect light scattering measurements on the right hand y-axis 

E. Alphafold2 (Mirdita et al., 2022) structural modelling of C181 and ΔMH3 illustrating 

the MH3 as the dimerisation interface. 

F. Electrophoretic mobility shift assay (EMSA) analysis of C181 and ΔMH3. Protein was 

titrated (0-2500nM) with constant RNA concentration (0.8ng). A shift upwards is 

indicative of a RNA:protein complex that has been retarded compared to protein alone. 

The RNA is DIG labelled to facilitate visualisation. 
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3.5. Discussion 

3.5.1. A CIZ1 alternative transcription start site? 

At this stage we do not know the exact mechanism that is leading to production of C-

terminal fragments in early-stage human cancers, and it is an avenue for further 

exploration. If there was an aberrant splicing event in which exon 10 onwards is spliced 

onto earlier exons, one might expect to observe a U-shaped profile of expression, and 

this is not what is observed. Furthermore, in all samples (normal and cancer) we observe 

reduced exon 2 and 3 expression relative to exon 7, and in cancers a small but significant 

reduction in exon 5. None of the above is easily explained by known alternative splicing 

events, so other mechanisms must be considered.  

One hypothesis is that an alternative transcription start site (TSS) is preferentially utilised 

in tumour cells. A recent paper conducted PacBio long read sequencing on a set of 

breast cancer cell lines and patient samples (Veiga et al., 2022). Utilising their interactive 

website to monitor what forms of CIZ1 were identified the presence of two CIZ1 3’ only 

transcripts (one starting from exon 8 and another from an intronic region between exon 

14 and 15), was seen, as well as the previously identified CIZ1-F (Swarts et al., 2018). 

The group used MCF7 and MDA-MB-231 cells so can be partially compared to our 

results, but lacks the SK-BR-3 line which had the most extreme 3’ elevation in our data. 

It is not possible to determine the ratio of the amount of each CIZ1 transcript from the 

data of Veiga et al. Upon inspection for genomic features of interest in the region of CIZ1 

corresponding to the AD, it was noted that there are 10 predicted potential alternative 

TSSs (Figure 3.7A) that were identified as part of the FANTOM5 project (Lizio et al., 

2015). Additionally, there are changes in the epigenetic landscape in HeLa and MCF7 

cells that suggest the upregulation of a promoter or enhancer in the region, based on the 

presence of active chromatin marks such as H3K4me1,2,3, H3K9ac and H3K27ac, and 

increased DNase sensitivity (Figure 3.7B). These suggest open chromatin conformation 

and would be consistent with alternative transcription initiation from this region. Plans to 

investigate this further include conducting quantitative long read sequencing (Oxford 

Nanopore) on additional breast cancer lines (in particular the SK-BR-3 line) to attempt 

to identify the exact location of CIZ1 transcript upregulation, which could then be further 

explored by chromatin immunoprecipitation to identify if RNA polymerase II is bound in 

this region in our cells of interest.   
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Figure 3.7. CIZ1 chromatin changes in cancer 

A. Potential CIZ1 alternative transcription start sites (TSSs) in the AD predicted in the 

FANTOM5 project (Lizio et al., 2015). 

B. The epigenetic landscape at the CIZ1 locus in human embryonic stem cells (hESC), 

human mammary epithelial cells (HMEC), cervical cancer cells (HeLa) and breast cancer 

cells (MCF7). Numbers correlate to CIZ1 exon number. Histone modifications shown are 

examples of active marks. Diagram generated using UCSC genome browser (Kent et 

al., 2002). 
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3.5.2. Dominant negative effects are routinely observed in cancer 

DN mutants are named as such since they are able to disrupt the function of their WT 

counterparts (Herskowitz, 1987). Previous unpublished work in the Coverley lab has 

shown that the RD of CIZ1 can interfere with endogenous CIZ1 aggregates in a DN 

mechanism of action, leading to their dispersal. Here I showed that the AD is also able 

to exert DN effects. DN effects can be more deleterious than a single allele loss, since 

for example in the context of a DN mutant that is capable of corrupting a homodimer, 

only 25% would be functional (25% WT:WT, 50% WT:MUT, 25% MUT:MUT), assuming 

equal expression levels. This is a more extreme loss compared to a 50% fall with a single 

allele loss leading to haploinsufficiency (Veitia et al., 2018).  

DN effects of other mutant proteins have been described, including p53, the “guardian 

of the genome” and a key tumour suppressor (Lane, 1992). Mutations in TP53 (the gene 

encoding p53) are the most common mutation in cancer (Kandoth et al., 2013), indicating 

how crucial its role is in homeostasis. DN effects of mutant p53 have long been known, 

for example an early study identified that patients with a heterozygous p53 mutation 

displayed less than 25% oligonucleotide binding compared to homozygous WT patients 

(Srivastava et al., 1993). It was later shown that p53 mutants reduce p53WT:p53MUT 

complexes from binding to target genes and reduce their ability to arrest the cell cycle 

(Willis et al., 2004), and increases cell invasion and migration (Dong et al., 2007).  

DN mutants have also been identified in other genes commonly mutated in cancer such 

as PTEN (Papa et al., 2014) and ATM (Chenevix-Trench et al., 2002); and scaffold 

attachment factor A (SAF-A) (Kolpa et al., 2022), a nuclear matrix (NM) protein 

implicated in Xist anchorage at the Xi (Hasegawa et al., 2010, Kolpa et al., 2016). It has 

been suggested that DN therapeutic peptides that target cancer drivers could be used in 

the clinic as a treatment strategy (Savinov and Roth, 2021). 
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3.5.3. The extreme C-terminus is implicated in CIZ1-AD targeting to the nucleus 

CIZ1 is known to have a nuclear localisation sequence (NLS) in the RD of the protein to 

facilitate nuclear import (Coverley et al., 2005), which when mutated perturbed CIZ1 

nuclear import (Sofi et al., 2022). Yet since the AD alone is also able to target to the 

nucleus, this suggests that there are also C-terminal sequences to facilitate this import. 

The use of databases (Kosugi et al., 2009, Nguyen Ba et al., 2009) that predict NLS 

sequences did not identify any in C181. However, when utilising software that predicts 

subcellular location (Nakai and Horton, 1999), C181 was still predicted to localise to the 

nucleus with high confidence, despite the lack of a predicted NLS. This suggests that 

C181 nuclear import is via a mechanism that does not utilise a canonical NLS. It can be 

observed that the mutants of C181 display variable cytoplasmic and nuclear presence in 

the absence of detergent, in particular Δ37 and I122 have an increased cytoplasmic 

presence compared to C181, ΔMH3 and ΔNALTAF (Figure 3.5B). This suggested that 

the extreme C-terminus is implicated in nuclear import. Upon inspection this area is 

highly enriched for positively charged amino acids (7 lysine and arginine residues, 19% 

of the region), and lysine and arginine rich regions are implicated in nuclear import of 

signal transducer and activator of transcription proteins (STATs) (Melen et al., 2001). In 

addition to this, work conducted by other members of the Coverley lab is suggesting that 

the extreme C-terminus is required for C-terminal interactions with RNA (data not 

shown), and RNA recognition motifs (RRMs) have also been implicated in nuclear import 

(Cassola et al., 2010). Since Δ37 is lacking an additional 22 amino acids at the C-

terminus compared to I122, which contains 3/7 of the positively charge amino acids, this 

could explain why it is more extractable than I122 upon detergent treatment, assuming 

this would lead to reduced efficiency of nuclear import. 
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3.5.4. MH3 dimerisation is implicated in C181 anchorage and DN effects 

Nuclear import is not the only mechanism to consider, since C181 must form additional 

interactions in the nucleus to confer resistance to detergent extraction. The ΔMH3 

construct is able to target to the nucleus efficiently, but the majority of cells no longer 

contain ΔMH3 upon detergent treatment (Figure 3.5B,C), suggesting that this domain is 

key for interactions with insoluble components of the nucleus. The disparity between the 

large reduction in nuclear retention, but the more conservative abrogation of ability to 

disperse endogenous CIZ1 from the Xi, suggests that there are multiple interactions at 

play. Since we have shown that the MH3 domain is required for homodimerization 

(Figure 3.6D), this could suggest that C181 self-interaction with full length endogenous 

CIZ1 could be one of the key mechanisms for C-terminal fragment retention upon 

detergent treatment. However, whilst ΔMH3 has a perturbed ability to disperse 

endogenous CIZ1, it has not been lost altogether, so there must be additional 

mechanisms contributing to endogenous CIZ1 dispersal. 

The MH3 domain is named as such due to its homology to a region of the NM protein 

matrin 3 (Belgrader et al., 1991, Mitsui et al., 1999). As stated in the introduction, the 

function of matrin 3 remains poorly understood. Monitoring matrin 3 localisation in the 

nucleus identified that it was excluded from both the Xi and perinuclear and perinucleolar 

heterochromatin (Zeitz et al., 2009), and when matrin 3 is lost there is destabilisation of 

CTCF and cohesin (Cha et al., 2021). Together, this suggests it plays a role in 

transcriptional regulation and chromatin architecture in particular regions of the genome. 

Similar to CIZ1, it has been implicated as both a tumour driver where knockdown led to 

reduced proliferation in melanoma (Kuriyama et al., 2020), and a tumour suppressor 

where high levels were correlated with patient survival in breast cancer (Yang et al., 

2020a). Given that Matrin 3 and CIZ1 share sequence homology in the MH3 domain one 

would assume that they could be implicated in similar functions in vivo, however too little 

is known at this stage to attempt to draw clear parallels, and indeed Matrin 3 exclusion 

from the Xi compared to CIZ1 accumulation at the Xi does not support this argument. 

When trying to identify the exact role of the MH3 domain itself, biological processes gene 

ontology analysis (Ashburner et al., 2000) of proteins containing the MH3 U1-like zinc 

finger returns roles in RNA processing, which is unsurprising given the links to NM 

proteins and RNA processing as described in the introduction. It is also noted the MH3 

domain has aromatic residues reminiscent of RNA binding domains through stacking 

interactions with RNA bases, however due to the negative charge it may alternatively be 

used as a protein interface (Muto et al., 2004). This is in line with our results that the 

MH3 domain facilitates dimerisation of CIZ1 and has weaker support for RNA binding as 

seen in the EMSA (Figure 3.6D,F).   
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3.5.5. Model of C181 DN effects 

Considering everything discussed above, I propose that CIZ1 DN fragments interact with 

endogenous CIZ1 via their MH3 domain to exert their DN functions. Since C181 can 

interact with endogenous CIZ1, but lacks N-terminal regions required for Xi 

accumulation, it interferes with the efficiency of accumulation of endogenous CIZ1. This 

leads to loss of CIZ1 at the Xi, which we hypothesise plays a protective role, and thus 

an increased susceptibility to loss of epigenetic marks. Upon deletion of the MH3 domain, 

since it can no longer self-interact with endogenous CIZ1, the DN effects are more 

limited. 

 

Figure 3.8. The proposed model of C181 DN effects 

 

Considering the role of the RD of CIZ1 for Xi accumulation via prion-like domain (PLD) 

mediated interactions with Xist (Sofi et al., 2022); and CIZ1 AD to immobilise CIZ1 to the 

NM, possibly via self-interactions and interactions with other NM proteins and nucleic 

acid, conferred upon it by the MH3 domain and the extreme C-terminus respectively. 

This suggests that there are likely multivalent interactions that anchor CIZ1 to the NM 

and the Xi. This could be how the ΔMH3 mutant is still partially able to perturb 

endogenous CIZ1, since it still contains the extreme C-terminal domain important for 

RNA interactions, and this could sequester RNA (such as Xist) away from the Xi and 

lead to a weakening of the endogenous CIZ1 complex. If indeed both i) self-interaction 

with endogenous CIZ1 via the MH3 domain but an absence of the PLDs to enable proper 

Xi accumulation and ii) sequestering of RNA such as Xist that is required for Xi 

accumulation, need to be absent to completely abolish the DN features of C181, it would 

be predicted that a ΔMH3,37 double mutant would have no effect on endogenous CIZ1 

assemblies and would be useful to test in the future. 
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3.5.6. Histone ubiquitination is key for genome repression, but information is 

conflicting 

The exact mechanisms by which H2AK119 is ubiquitinated, and its role in transcriptional 

repression are still being investigated. As described in the introduction, there is 

conflicting information on the timings of H2AK119ub1 and H3K27me3 deposition in 

development, and if these repressive marks rely on each other for genome silencing. 

One study noted that a mutation in RING1B, the active subunit in polycomb repressive 

complex 1 (PRC1) responsible for deposition of H2AK119ub1, led to reduction in 

H2AK119ub1 presence. However, if RING1B was bound to chromatin there was still 

some maintenance of chromatin compaction, suggesting the complex itself, not just its 

enzymatic activity plays a crucial role (Eskeland et al., 2010). This study noted that in 

RING1B null cells H3K27me3 was still present, but was insufficient for gene repression. 

However, a different study observing the effect of the same point mutation in RING1B 

noted that H2AK119ub1 loss led to loss of H3K27me3 (Tamburri et al., 2020). In our 

study in the context of a transient transfection of DN fragments we observed that 

H3K27me3 was not reliant on the H2AK119ub1 mark, at least during the first cell cycle 

(Figure 3.4F). In addition to this there are likely differences in PRC1/2 function in 

development compared to adult homeostasis, as observed by the difference in RING1B 

target genes in induced pluripotent stem cells compared to normal and cancer cell lines 

(Chan et al., 2018), so this must be considered when comparing literature and attempting 

to deconvolute mechanisms. 

Focusing on the mechanisms of H2AK119ub1 mediated repression, early work showed 

that there was histone “cross talk” and H2AK119ub1 repressed the presence of the 

active modification H3K4me3 at gene promoters (Nakagawa et al., 2008). It has also 

been identified that H2AK119ub1 stabilises nucleosomes and “bolts” in DNA to prevent 

it from peeling away from histones (Xiao et al., 2020). Additionally, it is noted that DNMT1 

binds to H2AK119ub1, thus suggesting ubiquitination is involved in the maintenance of 

DNA methylation (Qin et al., 2015). Finally, H2A ubiquitination recruits BRCA1 to DNA 

damage lesions, and where this ubiquitination is lost BRCA1 recruitment was abrogated 

(Wu et al., 2009). This could perturb the DDR and lead to accumulation of mutations and 

tumourigenesis. Considering this, the ubiquitination of histones is clearly implicated in 

several mechanisms of genome repression and maintenance, and multiple bodies of 

work have highlighted the importance of CIZ1 in H2AK119ub1 accumulation at the Xi 

(this work and (Stewart et al., 2019, Sofi et al., 2022)). 
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3.5.7. Concluding remarks 

This chapter presents evidence to suggest the existence of previously unidentified DN 

fragments of CIZ1 in breast cancer. DN fragments of CIZ1 have previously been 

described to alter the subnuclear location of CIZ1 (Rahman et al., 2007), and other CIZ1 

splice variants could also exert their role in cancer via a DN mechanism (Higgins et al., 

2012). However, those fragments of CIZ1 are generated by alternative splicing, and as 

discussed above I am postulating that C-terminal over expression could be the result of 

an internal TSS, which is novel. Since DN are a feature of disease, it is pertinent to 

understand their role and how they are created, since this could eventually facilitate 

targeting them for treatments, or alternatively their exploitation in early cancer detection. 

Here it is suggested that overexpression of CIZ1 DN fragments leads to epigenetic 

dysregulation via loss of H2AK119ub1, which could lead to downstream aberrant gene 

expression changes. 

I have also attempted to deconvolute the roles of domains in the AD of CIZ1. Previous 

work demonstrated that the transient transfection of the AD of CIZ1 was retained in the 

nucleus after treatment with detergent, high salt and nuclease, whilst the N-terminal 

replication domain (RD) was removed (Ainscough et al., 2007). This highlighted the key 

role that the C-terminus plays in nuclear immobilisation, and since it is resistant to all 

these treatments implicates CIZ1 as a component of the NM (Berezney and Coffey, 

1974). Here I showed that the extreme C-terminus was implicated in nuclear import, but 

additionally that the MH3 domain is crucial for immobilisation. This immobilisation is 

suggested to be via CIZ1 self-interaction, since loss of MH3 domain leads to impaired 

ability to homodimerise. In addition to this, previous work has shown that for CIZ1 

accumulation at the Xi the low complexity PLDs in the RD must be present (Sofi et al., 

2022).  

Together, this shows that multiple mechanisms and interactions that allow CIZ1 to i) 

localise to the nucleus, ii) immobilise itself in the nucleus and iii) form large assemblies 

at the Xi, and raises the possibility that corruption of any of these steps might contribute 

to epigenetic instability in cancer. 
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4. Regulation of CIZ1 assembly formation and function During 

the Cell Cycle  

4.1. Introduction 

4.1.1. Kinases in the cell cycle 

For cells to grow and replicate they must pass through all stages of the cell cycle 

correctly. This is facilitated by cyclin dependent kinases (CDKs), which are activated by 

mitogens or inhibited at checkpoints if errors are detected (Barnum and O'Connell, 

2014). The CDK complexes implicated at different stages of the cell cycle, and CIZ1 

involvement in their roles have been described in the Introduction. This chapter focuses 

on kinase regulation in mitosis, and whilst CDK involvement (specifically CDK1, 

(Malumbres, 2014)) is key, several other kinase families are also fundamental, including 

but not limited to, the Polo, Aurora and NIMA family (Nigg, 2001).The Aurora kinase 

family is made up of three members: Aurora kinase A, Aurora kinase B and Aurora kinase 

C. Aurora kinase A and B are associated with the earlier and later stages of mitosis 

respectively, whereas Aurora C is less understood and is associated with meiosis 

(Carmena and Earnshaw, 2003). Since the role of Aurora kinase B (AURKB) in 

disassembly of Xist from the Xi during miosis has been observed (Hall et al., 2009), it 

has become the focus of my experimentation, and Aurora kinase A and C will not be 

discussed further. 

4.1.2. The role of Aurora Kinase B in mitosis 

AURKB expression is upregulated in mitosis (Kimura et al., 2004), in contrast to CDK 

expression which is consistent throughout the cell cycle but activated by their cyclin 

counterparts and phosphorylation events (Obaya and Sedivy, 2002). AURKB is localised 

at the centromeres of chromosomes from prophase to partway through anaphase, and 

after this it becomes concentrated at the spindle midzone (Murata-Hori et al., 2002). 

During prophase to metaphase AURKB phosphorylates histone 3 serine 10 and serine 

28 (H3S10 and H3S28) in condensing chromosomes (Goto et al., 2002), and this 

phosphorylation of H3S10 is associated with heterochromatin protein 1 (HP1) 

dissociation from chromosomes (Hirota et al., 2005). Loss of AURKB via dominant 

negative (DN) mutant overexpression or small molecule inhibition, revealed that AURKB 

is required for kinetochore attachment to microtubules (Murata-Hori and Wang, 2002) 

and to maintain checkpoint signalling during syntelic attachment (both sister chromatids 

interact with microtubules from the same spindle pole) (Hauf et al., 2003) respectively. 

More recently it has been suggested that there is crosstalk between AURKB and CDK1 

in anaphase that ensures correct chromosome separation (Afonso et al., 2019), and that 
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the two kinases work together to regulate kinetochore function in anaphase and 

subsequent disassembly in telophase (Papini et al., 2021). Indeed the heavy chain of 

non-muscle myosin II (NMII) has been identified as an AURKB substrate, where 

phosphorylation of the tail domain of NMII prevents filament formation to promote 

disassembly, and additionally phospho-resistant serine to alanine mutations of NMII led 

to the formation of long intercellular bridges indicative of aberrant cytokinesis (Babkoff 

et al., 2021). In the final stages of mitosis when AURKB is no longer required, it is 

degraded by the E3 ubiquitin ligase anaphase-promoting complex/cyclosome (APC/C) 

coupled with the activator protein cdc20 homolog 1 (Cdh1) (Stewart and Fang, 2005). 

4.1.3. CIZ1 removal from chromatin in mitosis 

Prior to my PhD the Coverley lab monitored CIZ1 loss in mitosis. Specifically, CIZ1 

accumulation was reduced in the prometaphase-metaphase stages and lost entirely by 

anaphase in murine cells (Ridings-Figueroa et al., 2017) (Figure 4.1). Since it was 

already known that Xist Xi accumulation is lost in mitosis (Hall et al., 2009), this is 

perhaps unsurprising. Indeed, more recent work has shown that when CIZ1 is absent 

Xist is dispersed across the nucleus, rather than localised to the Xi (Ridings-Figueroa et 

al., 2017, Sunwoo et al., 2017), and this interaction is mediated by a direct interaction 

between Xist and the prion like domains (PLDs) in CIZ1 (Sofi et al., 2022). Considering 

this I wanted to further investigate the changes in CIZ1 status during mitosis, and then 

identify if there was a link between normal CIZ1 loss in mitosis and the DN effect of C-

terminal fragments of CIZ1 described in Chapter 3. 

 

Figure 4.1. CIZ1 assembly loss in mitosis 

Figure taken from (Ridings-Figueroa et al., 2017). CIZ1 and H3K27me3 status 

throughout mitosis was measured via immunofluorescence, identifying CIZ1 loss and 

H3K27me3 retention. Scale bar is 5µm.  

CIZ1 H3K27me3 DAPI

A
n

ap
h

as
e

   
   

   
   

 M
e

ta
p

h
as

e
   

   
P

ro
m

e
ta

p
h

as
e

 



 94 

4.1.4. Scaffold attachment factor A 

The scaffold attachment factor A (SAF-A/HRNPU) is a nuclear matrix (NM) protein that 

possesses RNA and DNA binding capabilities (Fackelmayer et al., 1994). SAF-A has 

been shown to interact with active chromatin, and upon SAF-A deletion in murine 

hepatocytes chromatin condensation and active and inactive compartment switching 

was observed, suggesting it plays a role in genome organisation and chromatin 

architecture (Fan et al., 2018). Additionally, there is an ongoing debate on its requirement 

for Xist anchorage at the Xi (Hasegawa et al., 2010, Kolpa et al., 2016), and it has been 

observed that SAF-A is also removed from chromatin during mitosis in human cells 

(Sharp et al., 2020). All this together makes it of interest to us when considering CIZ1 

function, so analysis of SAF-A during mitosis in murine cells has also been conducted in 

this chapter. 

4.2. Aims 

• Confirm CIZ1 loss in mitosis and profile CIZ1-Xi assembly reformation in G1 

• Test the effects of inhibition of AURKB on the disassembly of endogenous CIZ1 

and SAF-A during mitosis 

• Validate the new C181 lentivirus expression system and use it to monitor 

endogenous CIZ1 status in different stages of the cell cycle in cells expressing 

CIZ1 DN fragments 

4.3. Experimental Design 

4.3.1. Measuring CIZ1 Xi status at different stages of the cell cycle 

Cells were arrested in mitosis (M phase) and synthesis phase (S phase) by application 

of nocodazole and thymidine respectively. Nocodazole disrupts microtubule 

assembly/disassembly dynamics, thus blocking the formation of the metaphase spindles 

and leading to arrest in prometaphase. The thymidine perturbs DNA replication by acting 

as a competitive inhibitor for the deoxyribonucleotide metabolism pathway, thus cells are 

arrested early into S phase as the levels of deoxyribonucleotides are depleted. 

Thymidine was applied for 24 hours, and nocodazole was applied for 16-24 hours. Cells 

arrested in M phase were isolated by mitotic shake off and replated for analysis post 

release. Cells held in S phase were released by washing twice with PBS then replacing 

with fresh media. Measurement of 5-ethynyl-2’-deoxyuridine (EdU) incorporation post 

release from S phase facilitated confirmation of enrichment. Cell cycle arrest 

experiments of cells transduced with C181 was conducted 48-72 hours post 

transduction. To facilitate visualisation of miotic cells, cells were fixed prior to 
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permeabilisation, with the exception of this change to the standard protocol, all 

downstream processing was as described in the Materials and Methods. 

4.3.2. Manipulating CIZ1/SAF-A with barasertib 

Two different concentrations of barasertib was applied to cells for 4 hours and cells were 

subsequently collected for immunofluorescence imaging. To facilitate recovery of miotic 

cells, cells were fixed prior to permeabilization. Except for this change to the standard 

protocol, all downstream processing was as described in the Materials and Methods. 

4.3.3. Lentiviral transduction system 

To facilitate extended culturing of cells expressing CIZ1, and a higher efficiency of 

expression in the population, a lentiviral transduction system was developed by Dr 

Emma Stewart in the Coverley lab (described in full in the Materials and Methods 

Chapter). In summary, a bicistronic plasmid encoding reporter ZsGreen and C181, or a 

negative control plasmid encoding only ZsGreen (referred to as “Empty”), was 

transfected into human embryonic kidney (HEK) cells, alongside other components to 

facilitate lentivirus production. This lentivirus was subsequently applied to PEFs or the 

murine D3T3 cell line, leading to transduction and stable expression of ZsGreen alone 

or ZSGreen and C181. The two proteins are produced as separate entities, which 

facilitates the user to identify transduced cells, but does not provide information of C181 

subcellular location. Samples were collected over several days to validate the system, 

and to measure downstream changes as a result of C181 expression (Figure 4.2). 

 
Figure 4.2. Experimental design of lentivirus transduction experimentation 

C57BL/6 mice embryos were used to generate day 13 primary embryonic fibroblasts 

(PEFs). Human embryonic kidney cells (HEKs) were used to produce lentiviral particles 

for transduction of PEFs. Samples were collected over several days and included: whole 

cell lysates for western blot analysis, cells fixed for immunofluorescence (IF) processing, 

and cells collected in trizol for RNA-seq analysis.  
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4.4. Results 

4.4.1. Assembly and disassembly of CIZ1 at Xi during mitosis  

Typically 80-90% of interphase cells in a cycling population contain a clear CIZ1 

assembly at Xi (Ridings-Figueroa et al., 2017). Since we know that CIZ1-Xi assemblies 

are lost in mitosis (Figure 4.1), we postulated that interphase cells that do not contain an 

observable CIZ1-Xi (10-20%) are in early G1 and yet to rebuild their CIZ1 assembly. 

However, this had not been formally tested. To measure this, I arrested and released a 

population of female D3T3 cells from M phase or S phase, and monitored endogenous 

CIZ1-Xi status over time. S phase enrichment was confirmed by incorporation of 5-

ethynyl-2’-deoxyuridine (EdU) into newly synthesised DNA, where an increase in cells 

with incorporated EdU is reflective of more cells undergoing DNA replication. This 

identified that an average of 76% of cells were in S phase after 24 hours of arrest and 1 

hour release from thymidine, in comparison to 51% in the cycling (not arrested) 

population (Figure 4.3A). This enrichment was not complete since only one round of 

thymidine was applied, and this might have been improved with a double (consecutive 

cell cycle) synchrony protocol. Additionally, since thymidine is slow to block cells in S 

phase, some cells can progress quite far through DNA replication before they arrest. 

Therefore, after release some cells may have already progressed to G2. Monitoring 

CIZ1-Xi status post-release from S phase arrest showed no changes in CIZ1-Xi 

assembly frequency across the time course up to 5 hours, with 86-96% of cells 

containing CIZ1-Xi assemblies (Figure 4.3B).  

Enrichment of cells held in mitosis does not require EdU staining, and can be easily 

visualised via light microscopy (Figure 4.3C). Upon exit from M phase only 6% of cells 

contained a CIZ1-marked Xi at 1 hour post-mitosis, and this increased throughout the 

time course to 78% at 5 hours post-mitosis (Figure 4.3D). If additional measurements 

had been conducted after 5 hours this number might have increased further, however it 

had begun to flatten between 4 and 5 hours post-mitosis. Failure to achieve 100% could 

be related to the use of drugs to arrest the cell cycle, which can be highly deleterious 

possibly affecting the mechanisms responsible for regeneration of CIZ1-Xi assemblies. 

Moreover, established cell lines are highly heterogenous so a sub-population may 

actually lack two X chromosomes. We therefore chose to put weight on the dynamics of 

recovery rather than absolute values, and conclude that CIZ1-Xi assemblies are normally 

absent after mitosis and rebuilt in the first three hours of G1. 
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Interestingly maximum intensity fluorescence measurements (using FIJI as described in 

Chapter 3) did not identify increasing CIZ1-Xi presence (Figure 4.3E). However, 

minimum fluorescence intensity revealed a fall between 2 and 4 hours post-mitosis 

(Figure 4.3F). Example pictures of cells used in analysis can be seen in Figure 4.3G.  

Since one bright pixel corresponding to a very small sub-nuclear CIZ1 assembly could 

present with the same maximum fluorescence intensity as a cell with a classical large 

accumulation of CIZ1 at the Xi, this could explain why these measures cannot be used 

in this experimental context. Minimum fluorescence intensity measures across the 

timepoints appear to be more informative. The decrease could suggest that early in the 

rebuilding process soluble CIZ1 forms concentrate into sub-Xi supramolecular 

complexes (SMACs). Then as time progresses more soluble CIZ1 appears to be 

recruited with the majority eventually targeted to the Xi. Thus, minimum intensity 

measures appear to report on soluble CIZ1 and its conversion into SMACs (Figure 4.3H). 

Alongside measurements of CIZ1-Xi status, the status of the repressive mark H3K27me3 

was also measured in both groups. Since this is not normally lost in mitosis (Ridings-

Figueroa et al., 2017) (Figure 4.1), we hypothesised that it should be present in most 

cells upon release in both groups. Indeed, as expected there were no changes to 

H3K27me3 in either stage of the cell cycle (Figure 4.3I,J). However more cells contained 

H3K27me3 enrichment upon exit from S phase, compared to exit from mitosis (92% 

compared to 82%). This could suggest that whilst H3K27me3 is not dependent on CIZ1 

presence for enrichment on Xi chromatin, the additional presence of CIZ1 stabilises its 

presence.  
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Figure 4.3. CIZ1 status post-mitosis and S phase 

A. Example immunofluorescence pictures of D3T3 cells with and without EdU 

incorporation in a cycling (left) and 1 hour release from S phase (right) population, during 

a 30 minute pulse. The proportion of cells positive for EdU incorporation indicative of 

presence in S phase, and cells negative for EdU indicative of non-S phase cells in each 

population is shown in the pie chart. S phase enrichment confirms thymidine efficacy. 

Scale bar is 10µm. 

B. Percentage of cells containing a CIZ1 marked Xi post release from S phase. 

N=biological replicates and within this the total number of independent counts, n=nuclei 

scored. Comparison of the proportion of cells containing a CIZ1 marked Xi between 1 

and 5 hours post release from S phase was conducted using a t-test, p=0.45. 

C. Light microscopy pictures of cycling (left) and nocodazole treated (right) D3T3 cells. 

Round and refractive mitotic cell enrichment confirms nocodazole efficacy. Scale bars 

are 400µm. 

D. Percentage of cells containing a CIZ1 marked Xi post release from M phase. 

N=biological replicates and within this the total number of independent counts, n=nuclei 

scored. Comparison of the proportion of cells containing a CIZ1 marked Xi between 1 

and 5 hours post release from M phase was conducted using a t-test, p=1.15x10-6 

E. Maximum fluorescence intensity measures of cells 2, 3 and 4 hours post M phase 

release. n=nuclei analysed. The total unrepresented number of outliers are 2, 3 and 2 

for 2, 3 and 4 hours respectively. 

F. Minimum fluorescence intensity measures of cells 2, 3 and 4 hours post M phase 

release. n=nuclei analysed. 

G. Example pictures of cells used for analysis in D, E and F. Time labels correspond to 

time post M phase release. DAPI stain used to visualise DNA (blue), CIZ1 N-term 1794 

Ab used to visualise endogenous CIZ1. Scale bar is 10µm. 

H. Suggested model of conversion of soluble CIZ1 to CIZ1-SMACs and Xi accumulation 

over time, post release from M phase. 

I. Left: Percentage of cells containing H3K27me3 Xi enrichment post release from M 

phase. N=number of independent counts, n=nuclei scored. Right: Example pictures of 

cells used for analysis in D and I. Time labels correspond to time post M phase release. 

Blue DAPI stain used to visualise DNA, green CIZ1 C-term mAb 87 used to visualise 

endogenous CIZ1, and red H3K27me3 Ab used to visualise endogenous Xi H3K27me3 

accumulation. Scale bar is 10µm. 

J. Left: Percentage of cells containing H3K27me3 Xi enrichment post release from S 

phase. N=number of independent counts, n=nuclei scored. Right: Example pictures of 

cells used for analysis in B, J. Time labels correspond to time post S phase release. Blue 

DAPI stain used to visualise DNA, green CIZ1 C-term mAb 87 used to visualise 

endogenous CIZ1, and red H3K27me3 Ab used to visualise endogenous Xi H3K27me3 

accumulation. Scale bar is 10µm. 
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4.4.2. AURKB is implicated in regulation of CIZ1-Xi assemblies in mitosis  

During prophase, AURKB drives Xist dissociation from the Xi (Hall et al., 2009), and 

scaffold attachment factor A (SAF-A) removal from chromatin (Sharp et al., 2020). 

Therefore, we postulated that it could also be implicated in CIZ1-Xi disassembly at this 

stage of the cell cycle. I reviewed the CIZ1 amino acid sequence for the AURKB 

consensus phosphorylation site R/KS/T, R/KXS/T or R/KXXS/T (Kettenbach et al., 

2011), and identified 23 conserved potential sites in human and murine CIZ1 (Figure 

4.4A), with 8 falling in the N-terminal replication domain and 15 in the C-terminal anchor 

domain. They appear to cluster in groups, possibly suggesting redundancy and 

highlighting their likely functional relevance to both functional domains of CIZ1. 

In murine cells under normal conditions, CIZ1-Xi assemblies are lost when 

chromosomes are aligned on the metaphase plate (Figure 4.1). I therefore measured 

CIZ1 retention post metaphase after exposure to barasertib, a well-characterised 

AURKB inhibitor that shows promise as an effective cancer therapeutic (Umene et al., 

2013, Helfrich et al., 2016, Bertran-Alamillo et al., 2019). This analysis was initially 

conducted in D3T3 cells then repeated in PEFs, and included analysis of SAF-A status. 

CIZ1 Xi retention increased in both cell types with increasing concentrations of barasertib 

(Figure 4.4B, top panel third across). In post metaphase untreated cells, few displayed 

CIZ1 Xi retention as expected, however after application of barasertib CIZ1 was retained 

in ~80% D3T3 cells and PEFs at the higher concentration (Figure 4.4B, top panel fourth 

across). However extensive cell death was also observed, indicating toxicity of AURKB 

inhibition. As documented by Sharp et al. we also observed SAF-A loss early in mitosis 

(Figure 4.4B, bottom panel second across), and treatment with barasertib led to some 

increased retention. However, in murine cells SAF-A was still lost by 

prometaphase/metaphase even at the highest concentration (Figure 4.4B, bottom panel 

third across), whereas Sharp et al. retained SAF-A in prometaphase. Example pictures 

of PEFs with and without treatment of barasertib are shown in Figure 4.4C. 

Further analysis into AURKB regulation of CIZ1 is currently being undertaken in the 

Coverley lab, including a mutation screen of serines and threonines to 

unphosphorylatable alanine and phosphomimetic aspartate or glutamate in the extreme 

C-terminus of CIZ1. 
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Figure 4.4. CIZ1 manipulation with AURKB inhibitor 

A. Diagram of AURKB consensus sites in CIZ1. Sites labelled are sites that are 

conserved between human and murine CIZ1. The sites relative to murine CIZ1 (UniProt 

ID Q8VEH2) are: S158, T187, S189, S198, S199, S262, S263, T291, T495, S545, T617, 

S626, T640, S650, S720, S727, S769, S785, S793, S824, S840, S841, T845. Diagram 

produced using IBS software (Liu et al., 2015b). 

B. Percentage of cells containing a CIZ1 marked Xi (top) or SAF-A chromatin enrichment 

(bottom). Comparison of CIZ1/SAF-A status at different stages of mitosis with and 

without the presence of barasertib allows observation of changes upon AURKB 

inhibition. N=biological replicates and within this the total number of independent counts, 

n=nuclei scored. Error bars show SEM. Statistical analysis of the proportion of cells with 

a CIZ1 marked Xi in the anaphase/telophase stage was conducted using a One-way 

ANOVA with a Tukey post hoc test within each cell type. In PEFS 0 to 0.1μM p=0.037 

and 0 to 1μM p=0.0058; in D3T3 cells 0 to 0.1μM p=0.0075, 0 to 1μM p=7.3x10-5 and 

0.1μm to 1μm p=0.011. Where states are not shown there was no statistical differences 

observed in the dataset, and this was omitted to reduce clutter on the graphs. 

C. Example pictures of PEFs treated with barasertib. Blue DAPI stain used to visualise 

DNA, red CIZ1 N-term 1794 Ab used to visualise endogenous CIZ1 Xi accumulation, 

and green SAF-A Ab used to visualise endogenous SAF-A enriched on chromatin. All 

Ab information available in the Materials and Methods. Scale bar is 10µm. 

 

 

4.4.3. C181 only disperses in cycling cells  

Since CIZ1-Xi assembles and disassembles in a cell-cycle dependent manner, I wanted 

to test if C181 is limited in when it can exert its dominant negative (DN) function. Initially, 

cycling and newly contact inhibited cells were transfected with C181, and the status of 

endogenous CIZ1-Xi quantified at the level of frequency. This revealed that C181 only 

had a DN CIZ1-Xi dispersal effect in cycling cells (Figure 4.5A), with no effect on 

endogenous CIZ1 status in contact inhibited cells. This, and the lack of complete effect, 

suggests that cells are susceptible at a particular stage of the cell cycle. Example 

pictures of cycling and contact inhibited cells can be seen in Figure 4.5B. Measurement 

of cell cycle status by flow cytometry confirmed that cells were enriched in G0 when 

contact inhibited, or displayed G1, S and G2 peaks when cycling (Figure 4.5C).  
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Figure 4.5. Cell cycle dependence of C181 DN effect 

A. Dispersal of CIZ1-Xi in cycling and quiescent cells. Left: Data in cycling cells was 

previously presented in Chapter 3, Figure 3.4. Statistical analysis of the proportion of 

cells in each category to compare dispersal capabilities was conducted using a One-way 

ANOVA with a Tukey post hoc test. UT and GFP empty vector: CIZ1 marked Xi, p=0.94; 

dispersed/diffuse CIZ1 patch, p=0.71; no CIZ1 marked Xi, p=0.97. GFP empty vector 

and C181: CIZ1 marked Xi, p=4x10-6; dispersed/diffuse CIZ1 patch, p=0.0015; no CIZ1 

marked Xi, p=0.00016. Right: Parallel analysis of C181 dispersal conducted in non-

cycling contact inhibited cells. Statistical analysis of the proportion of cells in each 

category to compare dispersal capabilities was conducted using a t-test. Untreated (UT) 

and C181: CIZ1 marked Xi, p=0.098; dispersed/diffuse CIZ1 patch, p=0.34; no CIZ1 

marked Xi, p=0.043. N=biological replicates and within this the total number of technical 

replicates, n=nuclei scored. Error bars on both graphs show SEM.  

B. Example pictures of cycling and contacted cells used in analysis. Blue DAPI stain 

used to visualise DNA, green indicates GFP tagged C181, and red CIZ1 N-term 1794 

Ab used to visualise endogenous CIZ1. Scale bar is 5µm. 

C. Flow cytometry analysis. Cycling cells (left) contain a G1 and G2 peak, and an S 

phase population between the G1 and G2 population. Contacted cells have a diminished 

G2 and S peak and enrichment of a G1/G0 peak indicative of a quiescent population. 
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4.4.4. C181 expression is confirmed in the lentiviral transduction system and this 

leads to dispersal of endogenous CIZ1 and loss of heterochromatin marks 

Due to the dilution that occurs upon cell division, transient transfections cannot be used 

to measure long-term effects of C181. Therefore, I shifted further experimentation to a 

lentivirus transduction system to explore C181 DN effects in the cell cycle. The 

experimental workflow and sample collection process is shown above (Figure 4.2). To 

validate expression, live fluorescence pictures of the viral vector production cells (HEK 

cells) were taken at the point of viral harvest, confirming the presence of ZsGreen in the 

empty negative control and C181 system (Figure 4.6A). After viral application to PEFs, 

live imaging 48 hours later revealed ZsGreen positive cells in the population, confirming 

transduction of both the empty vector control, and C181 populations, and absence in the 

untreated (UT) population (Figure 4.6B). Analysis of whole cell lysates extracted from 

transduced cells showed ectopic CIZ1-C181 expression increasing up to 7 days (Figure 

4.6C). It also revealed inconsistency between the histone and actin loading controls in 

the C181 transduced population, reminiscent of those seen in Chapter 3. Prior to sample 

collection, it was observed that there was increased cell death in the C181 transduced 

population compared to the empty control (data not shown). Since samples are initially 

routinely loaded with matched volumes relative to the total volume, actin appears to be 

the most reliable loading control in these experiments. The reduction in the total protein 

present in the C181 samples, reflective of cell death, was also observed in the Ponceau 

S stain, providing further support for the validity of the actin result. All downstream 

immunofluorescence analysis was conducted using PEFs or D3T3 cells at specified 

times post transduction. Since we know that cells are only susceptible to the DN effect 

of C181 whilst cycling, time points were adjusted to take into account cell density. 

Once C181 transduction in PEFs was established, we set out to monitor its effect on 

endogenous CIZ1, and the heterochromatin repressive marks that are dependent on 

CIZ1, as described in Chapter 3. This experimentation was a collaboration between 

myself and Emma Stewart in the Coverley lab, and is part of a large body of work 

investigating other CIZ1 fragments. Here, only the C181-related data is presented. As 

seen in Chapter 3, expression of C181 caused a reduction in cells containing an 

observable CIZ1 marked Xi, compared to the negative control vector (Figure 4.7D), and 

this coincided with H2AK119ub1 loss (Figure 4.7E). Interestingly upon C181 

transduction we also observed a reduction in Xi’s enriched for H3K27me3 Xi (Figure 

4.7F), which contrasts our observation in Chapter 3. It is notable that transient expression 

experiments were analysed after 24 hours and transduction experiments after 3 days, 

which would be consistent with delayed loss of H3K27me3 compared to H2AK119ub1. 

This suggests that there could be stepwise events of de-repression occurring upon CIZ1 
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loss, with H2AK119ub1 loss occurring more quickly, whereas H3K27me3 loss is more 

gradual.  
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Figure 4.6. Lentivirus transduction system validation and early analysis 

A. Human embryonic kidney (HEK) cells 48 hours post transfection with a plasmid 

containing ZsGreen only (empty) or a plasmid containing ZsGreen and C181 (C181). 

B. Primary embryonic fibroblasts (PEFs) 48 hours post transduction with ZsGreen only 

(empty) or ZsGreen and C181 (C181). Untransduced (UT) cells also included to illustrate 

lack of green fluorescence in control cells. All images in A and B are to the same scale, 

scale bar is 50µm. 

C. Western blot analysis of PEF whole cell lysates collected from day 1-7 post 

transduction. Ectopic CIZ1 (C181) is observed faintly from day 2 and clearly on day 3 

and 7. C181 theoretical molecular weight is 20kDa but is routinely observed to at 

approximately 25kDa (Chapter 3 and 5). Rabbit Ex17 CIZ1 Ab used for analysis. All Ab 

information is documented in the Materials and Methods. 

D. Frequency of endogenous CIZ1-Xi aggregates in PEFs that are transduced with the 

negative control (empty) or C181. Statistical analysis of the proportion of cells in the 

present category to measure differences in dispersal capability was conducted using a 

t-test, p=0.013. N=biological replicates and within this the total number of technical 

replicates, n=nuclei scored. Error bars show SEM. 

E. Frequency of cells containing H2AK119ub1 Xi accumulation in PEFs that are 

transduced with the negative control or C181. Statistical analysis of the proportion of 

cells in the present category to measure differences in dispersal capability was 

conducted using a t-test, p=0.031. N=biological replicates and within this the total 

number of technical replicates, n=nuclei scored. Error bars show SEM.  

F. Frequency of cells containing H3K27me3 Xi accumulation in PEFs that are transduced 

with the negative control or C181. N=biological replicates and within this the total number 

of technical replicates, n=nuclei scored. Error bars show SEM. 
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4.4.5. C181 delays CIZ1 Xi accumulation post mitotic exit 

Since we know that CIZ1 is removed from the Xi at mitosis (Figure 4.1, Figure 4.3) and 

that C181 only exerts DN effects in cycling cells (Figure 4.5), a new question emerged. 

Can C181 disperse assemblies that are already formed, or does it simply interfere with 

new assembly events? We postulated that C181 delays the process of CIZ1 Xi 

accumulation in G1, but could be unable to exert its effects at other stages of the cell 

cycle, thus explaining why a subset of the population in Chapter 3 still contain observable 

CIZ1-Xi assemblies. To address this, I exploited the ability to enrich cell populations prior 

to assembly (early G1), using the cell synchrony experiment illustrated in Figure 4.3 in 

C181 transduced cells. 

This confirmed the result observed in untransduced cells, as the majority of cells upon 

exit of M phase did not contain a CIZ1-Xi assembly in either the empty vector or C181 

transduced population (Figure 4.7A,B). However, during the five hour time course 

restoration of CIZ1-Xi occurred in the control transduction population, but was supressed 

in the C181 transduced population (Figure 4.7A,B). In contrast, comparison of CIZ1-Xi 

assembly status upon release from S phase revealed that CIZ1 dispersal did not occur 

in the empty or C181 transduced cells (Figure 4.7C,D). This suggests that C181 cannot 

exert DN functions on pre-formed CIZ1-Xi assemblies, but upon disassembly in mitosis 

C181 can corrupt reformation of new assemblies. All data from Figure 4.7A-D is 

presented together in Figure 4.7E to aid simultaneous comparison of all the different 

data sets, and example pictures are provided in Figure 4.7F. This observation of C181 

DN effects specifically post-mitosis was corroborated using FIJI maximum and minimum 

intensity measurement analysis, where C181 transduced cells had a reduced maximum 

and minimum fluorescence intensity compared to empty cells at 4 hours post release 

from mitosis (Figure 4.7G,H). Example pictures used in analysis are presented in Figure 

4.7I. 
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Figure 4.7. Effects of C181 transduction in different stages of the cell cycle 

A. Time course measuring frequency of endogenous CIZ1-Xi aggregates in nuclei that 

are transduced with the negative control post release from mitosis. n=nuclei scored. 

B. Time course measuring frequency of endogenous CIZ1-Xi aggregates in nuclei that 

are transduced with C181 post release from mitosis. n=nuclei scored. 

C. Time course measuring frequency of endogenous CIZ1-Xi aggregates in nuclei that 

are transduced with the negative control post release from S phase. n=nuclei scored. 

D. Time course measuring frequency of endogenous CIZ1-Xi aggregates in nuclei that 

are transduced with C181 post release from S phase. n=nuclei scored. 

E. Data from A-D combined for comparison. All data was collected from D3T3 cells. 

F. Example pictures of empty (E) and C181 transduced cells analysed in A-E. Scale bar 

is 10µm for each set. 

G. Maximum fluorescence intensity measures of D3T3 cells 4 hours post release from 

nocodazole in the negative control and C181 transduced population. 

H. Minimum fluorescence intensity measures of D3T3 cells 4 hours post release from 

nocodazole in the negative control and C181 transduced population. 

I. Example picture of cells used in analysis in F and G. Scale bar is 10µm.  
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4.5. Discussion 

4.5.1. AURKB mediated sequential loss of Xi binding partners? 

Results presented here suggest that CIZ1 removal from chromatin is regulated by 

AURKB, since upon AURKB inhibition CIZ1 was retained later in mitosis. However formal 

testing is required to identify if AURKB is phosphorylating CIZ1 directly, or if this is an 

indirect effect. This could be measured by mutation of the suspected AURKB target site 

to phosphomutant or phosphomimetic amino acids, which would be predicted to cause 

sustained CIZ1 retention or removal from chromatin respectively. This work is currently 

being conducted by a PhD student in the Coverley lab. It should be noted that all 

experimentation in this chapter has been conducted in murine cells, whereas the two 

papers that discuss SAF-A and Xist removal during mitosis used human cells (Hall et al., 

2009, Sharp et al., 2020). This causes complications when seeking to compare results, 

since it is known that there is variance in Xist removal between murine and human cells, 

with human cells displaying Xist removal early in mitosis (Clemson et al., 1996), whereas 

Xist can be detected in murine cells in metaphase (Lee and Jaenisch, 1997). 

My experiments directly compared CIZ1 and SAF-A in the same cells during mitosis to 

monitor their behaviour in murine cells. I noted that SAF-A behaviour mimicked that 

observed by Sharp et al., and was removed during prophase. Since CIZ1 and Xist are 

suggested to form a stable core within a SMAC (Markaki et al., 2021), the later loss of 

CIZ1 during metaphase is in line with previous literature of CIZ1 removal (Ridings-

Figueroa et al., 2017) and Xist removal (Lee and Jaenisch, 1997) at this stage. 

Furthermore, it has been noted that loss of Xi ubiquitination occurs later in mitosis than 

loss of Xist (Hall et al., 2009), suggesting that de-ubiquitination is not an immediate 

consequence. Notwithstanding that H2AK119ub1 loss in mitosis in murine cells needs 

to be formally measured to identify if there are also murine/human differences here. This 

could suggest that in murine cells AURKB mediates early SAF-A removal at prophase, 

but Xist/CIZ1 removal is later. If indeed AURKB is confirmed to be directly regulating 

CIZ1, perhaps the CIZ1/Xist interaction is maintained due to the lack of predicted AURKB 

phosphorylation sites in CIZ1 PLDs (Figure 4.4A). This could allow CIZ1 to transiently 

provide a protective role for histone ubiquitination, which is then subsequently removed 

upon CIZ1 loss (Figure 4.8). 
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Figure 4.8. Suggested model of sequential loss of proteins and epigenetic 

modifications from the Xi in mitosis in murine cells 

 

 

4.5.2. AURKB and PP1/2A are implicated in CIZ1-Xi dynamics 

Early work showed that inhibition of protein phosphatase 1 and 2A (PP1 and PP2A) by 

okadaic acid led to an increase in phosphorylation of H3S10 in interphase cells (Ajiro et 

al., 1996), and that inhibition of PP1/PP2A leads to AURKB activation (Sugiyama et al., 

2002). This suggests an interplay between the antagonistic functions of the phosphatase 

and kinase to regulate events in mitosis. Indeed, later it was identified that AURKB and 

PP1/PP2A work together to control the timing of kinetochore assembly and disassembly 

(Emanuele et al., 2008). The Repo-Man/PP1 complex is implicated in de-

phosphorylation of H3 and reduced AURKB targeting (Qian et al., 2011), but additionally 

AURKB can phosphorylate Repo-Man leading to reduced histone recruitment (Qian et 

al., 2013). Overall, the exact mechanisms of how they counteract each other remains 

complex and only partially understood. Early work conducted in our lab identified that 

okadaic led to loss of CIZ1-Xi assemblies in interphase (Coverley, unpublished), which 

parallels the result observed by Hall et al, who observed Xist dispersal upon phosphatase 

inhibition. Additionally, CIZ1 has been identified as interaction partner of tartrate-

resistant acid phosphatase (TRAP/ACP5) (Reithmeier et al., 2017), which could also be 

implicated in de-phosphorylation events that oppose kinase activity, but this requires 

further investigation. 
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4.5.3. AURKB overexpression in tumours could be implicated in CIZ1-Xi loss 

AURKB is highly dysregulated in cancer, and is reported to be overexpressed in breast 

cancer (Zhang et al., 2020), leukaemia (Goldenson and Crispino, 2015), lung cancer 

(Takeshita et al., 2013), hepatocellular carcinoma (Xiao and Zhang, 2021) and gastric 

cancers (Wang et al., 2020). Due to the dysregulation of AURKB in cancer the AURKB 

inhibitor barasertib (also called AZD1152) has shown promise as an anti-cancer 

therapeutic in multiple myeloma (Evans et al., 2008), hepatocellular carcinoma (Aihara 

et al., 2010), pancreatic and colon cancer (Azzariti et al., 2011), lymphomas (Mori et al., 

2011), acute promyelocytic leukaemia (Ghanizadeh-Vesali et al., 2016), and non-small 

cell lung cancer (Helfrich et al., 2016). One study observed barasertib application 

combined with ionising radiation lead to multinucleation eventually leading to cell death, 

indicative of inaccurate mitosis (Tao et al., 2009), likely due to loss of AURKB checkpoint 

activation in mitosis (Hauf et al., 2003). Since the events of CIZ1 accumulation and 

removal from chromatin are highly regulated by kinase and phosphatase events, the 

overexpression of AURKB could lead to extended loss of CIZ1-Xi assemblies. This 

combined with the expression of CIZ1 DN fragments such as C181, which also drive loss 

of CIZ1-Xi assemblies, could lead to an additive effect contributing to loss of CIZ1 

epigenetic maintenance, and genome wide dysregulation in cancer. 
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4.5.4. C181 prevents the formation of SMACs? 

As postulated in section 4.4.1, if maximum fluorescence intensity values correspond to 

the endogenous CIZ1 SMACs before and after Xi targeting, the fall in maximum 

fluorescence intensity in the presence of C181 post-mitosis (Figure 4.7F) suggests that 

it limits this SMAC formation. Interestingly, if the minimum fluorescence intensity values 

do correspond to soluble CIZ1 levels, this suggests that C181 expression also leads to 

a reduction in soluble CIZ1 levels (Figure 4.7G). This is surprising, since if soluble CIZ1 

is reduced as CIZ1 SMACs are formed, you would expect these levels to rise in the 

presence of C181. Considering all this, perhaps in fact this is how C181 perturbs SMAC 

formation, in that it limits the build-up of soluble CIZ1 that would go on to form the SMACs 

(Figure 4.9). This could be as a consequence of active turnover, perhaps if the cell 

detects aberrant full length CIZ1/C181 complexes it attempts to degrade them. 

Alternatively, maybe if the cell mistakes C181 levels for endogenous CIZ1 expression it 

downregulates CIZ1 transcription post-mitosis. Regardless of the exact mechanism, the 

outcome is reduced CIZ1 accumulation at the Xi and thus a loss of the heterochromatin 

marks as illustrated in Figure 3.8 in Chapter 3. 

 
Figure 4.9. Proposed model of C181 perturbing CIZ1 SMAC formation  
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4.5.5. H2AK119ub1 and H3K27me3 differences in mitosis, and in response to C181 

dispersal 

Results presented here indicate that there are differences in H2AK119ub1 and 

H3K27me3 maintenance in mitosis, and in their sensitivity to perturbation when exposed 

to CIZ1 DN fragments. The retention of H3 methylation through mitosis is well 

documented (Boggs et al., 2002, Peters et al., 2002, Hall et al., 2009, Ridings-Figueroa 

et al., 2017), and is possibly due to the retention of PRC2 bound to chromatin in mitosis 

that provides a maintenance effect (Aoto et al., 2008). The reinstatement of diluted 

H3K27me3 levels post replication is also an important mechanism for epigenetic 

memory, and this has been identified as being facilitated by CDK1 and CDK2 

phosphorylation events that increase PRC2 efficiency in S and G2 phase (Zeng et al., 

2011). It has also been observed that upon H2K119ub1 loss there is a reduction of PRC2 

bound to chromatin, and whilst this does not lead to a rapid reduction in H3K27me3 

levels, they are gradually lost, consistent with replication dilution (Dobrinic et al., 2021). 

This suggests there is an element of reliance of H3K27me3 on H2AK119ub1, and indeed 

the loss of H3K27me3 at the Xi upon longer exposure to C181 DN fragments that perturb 

H2AK119ub1 agrees with this theory. This result is in line with our recent publication that 

loss of endogenous CIZ1 leads to genome wide reduction of both H2AK119Ub1 and 

H3K27me3 in CIZ1 null cells (Stewart et al., 2019). 

4.5.6. Concluding remarks 

Whilst CIZ1 C-terminal interactions are important for anchorage to the NM (Ainscough 

et al., 2007) and for CIZ1 self-interactions (Chapter 3), the C181 fragment alone does 

not measurably corrupt the existing preformed endogenous CIZ1-Xi complex. This could 

be due to limited accessibility, or it could be that it does not have a high enough affinity 

to endogenous CIZ1 or other component of the SMAC. However, when dispersed in 

mitosis, endogenous CIZ1 is more susceptible to interference, possibly due to 

accessibility of MH3 associated interactions (described in Chapter 3) that facilitate CIZ1 

self-interaction. Further analysis to investigate the downstream consequences of 

extended CIZ1-Xi assembly and repressive heterochromatin mark loss at the Xi, will be 

crucial to understand how CIZ1 DN fragments might influence carcinogenesis. 

  



 115 

5. Analysis of CIZ1B in lung cancer 

5.1. Introduction 

5.1.1. CIZ1 mis-splicing in cancer 

As discussed in the Introduction CIZ1 is extensively alternatively spliced, and also mis-

spliced in disease contexts. Cancer associated splice variants (Rahman et al., 2010), 

include inappropriate exclusion of exon 4 (Rahman et al., 2007), splicing of exon 8-12 to 

produce CIZ1F (Swarts et al., 2018), and differential splicing at the exon 14/15 junction 

in CIZ1B (Higgins et al., 2012). Additionally, as shown in Chapter 3, the C-terminus of 

CIZ1 is overexpressed in multiple cancer types as early as stage I. The mechanisms 

behind the production of these alternative transcripts, and whether they are generated 

by shared or independent processes remains unknown. This chapter focuses on further 

analysis of the CIZ1B splice variant. Alternative splicing at the 14/15 junction in CIZ1B 

results in a 24 base pair nucleotide loss, leading to an in-frame deletion of 8 amino acids 

in the acidic domain (AcD) of CIZ1. 

5.1.2. CIZ1 AcD and transactivation domains 

Transcription factors contain distinct elements, including but not limited to, a DNA binding 

domain (DBD) and a transactivation domain (TAD). TADs provide a binding site for other 

proteins required for transcriptional regulation. Early literature describes TADs as 

unstructured regions with an excess of negatively charged amino acids referred to as 

“acid blobs” or “negative noodles” (Sigler, 1988). Later the definition of TADs was 

modified to include enrichment of other amino acids, such as poly glutamine (Courey et 

al., 1989), proline (Gerber et al., 1994) and isoleucine (Attardi and Tjian, 1993). Later 

work showed that there was not a set of sequence specific residues required for TADs, 

but rather hydrophobic residues amongst disordered regions (Warfield et al., 2014). 

Mutations of the TAD in Gcn4 transcription factor in yeast showed that addition of 

aromatic residues increased activity, whereas adding isoleucine and valine, and 

methionine and leucine had none or modest activating effects respectively (Staller et al., 

2018). However, since Gcn4 is in the 93rd percentile for the number of hydrophobic 

residues it contains in its TAD, this could explain why only large bulky hydrophobic 

aromatics show a measurable difference in this context, and the importance of both 

aromatic and non-aromatic hydrophobic residues has been shown by multiple research 

groups (Drysdale et al., 1995, Almlof et al., 1997, Jeffery and Weinzierl, 2020, Staller et 

al., 2022). All this together suggests that the AcD in CIZ1, in particular the eight amino 

acids lost in CIZ1B (VEEELCKQ), could be defined as a TAD and behave as a scaffold 

for protein:protein interactions underpinning key processes. Since it is already suggested 

that CIZ1 binds a loose DNA consensus (Warder and Keherly, 2003), it is possible that 
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CIZ1 could be involved in chaperoning proteins to desired regions of the genome in 

response to signals. This could align with previous suggestions that it is a kinase sensor 

for initiation of DNA replication (Pauzaite et al., 2016), and that it facilitates movement of 

the Xi in S phase (Stewart et al., 2019).  

5.1.3. Lung cancer has high mortality and limited diagnosis options 

Lung cancer is the third most common cancer in the UK, accounting for 13% of all cancer 

diagnoses between 2016 and 2018 (CRUK, 2021). Since diagnosis of lung cancer is 

often late, with 49% of cases in 2019 in England not being diagnosed until stage IV (NHS, 

2021), mortality is high, and approximately only 4% of patients diagnosed at stage IV 

have 5-year survival (NHS, 2022). This makes it the most common cancer death in the 

UK, accounting for 21% of all cancer deaths between 2017 and 2019 (CRUK, 2022). 

Traditionally lung cancer mortality has been almost exclusively associated with smoking, 

however more recent publications are now suggesting that there is a significant 

proportion of cancer diagnoses that are not linked to smoking, and one group have 

calculated that 35% of driver gene mutations in lung cancer are mutations due to 

replication errors not hereditary or environmental factors (Tomasetti et al., 2017). 

Additionally with declining rates of smoking, the relative proportion of lung cancers in 

never-smokers is increasing, and if considered as a separate entity lung cancer in never-

smokers is the eighth most common cause of cancer related death in the UK (Bhopal et 

al., 2019) and approximately 25% of lung cancer cases worldwide are not attributed to 

tobacco use (Sun et al., 2007). Analysis in a large cohort of over a million female never-

smokers in the UK only revealed three risk factors associated with increased lung cancer 

development, this included non-white ethnicity, a taller stature and asthma that requires 

treatment (Pirie et al., 2016), and there was little association with sociodemographic 

factors and dietary intake. Thus, from this study no lifestyle changes can be 

recommended to patients to aid in the prevention of development of lung cancer. 

Considering this, there is an increasing demand for development of biomarkers that 

permit early-stage detection, and to date there is no uniform blood biomarker in clinical 

practise that is capable of detecting it at an early stage in asymptomatic individuals 

(Zamay et al., 2017). The use of low-dose computed tomographic (CT) screening could 

be utilised in a national screening programme, as it has been shown to reduce mortality. 

However of the 24.2% of positive results monitored 96.4% were false positives, thus 

making it an inefficient test for diagnosis (National Lung Screening Trial Research et al., 

2011), and emphasising the need for biomarkers that can rule our patients with false 

positive (benign) CT results.  



 117 

5.1.4. CIZ1B as a lung cancer biomarker 

The CIZ1B protein is overexpressed in lung cancer patients, and by testing for its 

presence in circulating plasma it is possible to discriminate between patients with stage 

I disease compared to non-cancerous lung abnormalities such as benign lung nodules, 

asthma and chronic obstructive pulmonary disease (COPD) (Higgins et al., 2012). 

Considering this, an assay has been developed to allow quantification of CIZ1B 

fragments in patient plasma in a clinical setting (Coverley et al., 2017).  

Additionally, we know that CIZ1B is a driver of cancer development, rather than a 

downstream passenger consequence, since upon CIZ1B loss cancer cell growth was 

restrained (Higgins et al., 2012). So, whilst CIZ1B could be an indispensable biomarker 

for diagnosis in the future, its potential for use as a therapeutic target remains 

underexplored. Here, I explore the properties of CIZ1B itself, and its potential to influence 

downstream pathways that contribute to the formation of cancer. 

5.2. Aims 

• Determine if CIZ1 and CIZ1B exist in the same native state in vitro 

• Identify if there are any binding partner differences between CIZ1 and CIZ1B 

• Monitor CIZ1 and CIZ1B behaviour via transient transfection in murine cells 

• Measure CIZ1B transcript levels in lung and breast cancer compared to their 

respective normal tissue 
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5.3. Experimental Design 

Since very little was known about CIZ1B function prior to the start of my PhD, several 

different experimental techniques have been utilised here to facilitate generation of a 

large breadth of different data. This chapter includes data from both human and murine 

CIZ1; human because of the obvious clinical relevance, and mouse because results can 

be aligned with this lab’s body of functional data. They have been presented together 

here to facilitate analysis of the AcD and the B variant region of CIZ1. The Coverley lab 

considers a murine model to be similar enough to human model that they can be 

compared directly, since domain organisation is fully conserved (Figure 5.1), with up to 

96% amino-acid sequence conservation in conserved domains, and 65% overall. All the 

techniques listed below are described in depth in the Materials and Methods chapter. 

 

Figure 5.1. Alignment of murine and human CIZ1 

Top. Alignment of the murine (UniProt ID Q8VEH2) and human (UniProt ID Q9ULV3) 

CIZ1 protein. Numbers corresponded to the approximate amino acid numbers at exon 

boundaries (rounded up or down accordingly when the boundary falls within a triplicate 

nucleotide set corresponding to an amino acid residue). The domains highlighted are: 

prion like domain 1 and 2 (PLD1 and PLD2) as documented in (Sofi et al., 2022); three 

zinc fingers (ZF1, ZF2 and ZF3) (ZnF_C2H2 SM00355, ZF_C2H2 sd00020 and 

ZF_C2H2 sd00020); an acidic domain (AcD) containing a highly concentrated area of 

aspartates and glutamates; and a matrin-3 like domain (MH3) (ZnF_U1 smart00451).  

Bottom. Comparison of amino acid sequence identity between human and murine CIZ1, 

documenting that higher conservation is observed in domains compared to the overall 

conservation. 
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5.3.1. Biochemical analysis  

CIZ1 C-terminal constructs were expressed in bacteria and purified for biochemical 

analysis. The human and murine forms of CIZ1 used for biochemical analysis in this 

chapter are the same molecular weight and start from the same point in CIZ1. They are 

referred to as H720 and C181 respectively, which refers to the starting amino acid in 

human (amino acids 720-898 and thus the terminal 179 amino acids), or the total number 

of amino acids in the mouse construct (amino acids 665-845 and thus the terminal 181 

amino acids). This different nomenclature was conceived prior to my PhD to allow for 

easy discrimination of murine and human CIZ1 forms. Purified forms of recombinant 

CIZ1 underwent size exclusion chromatography (SEC), size exclusion chromatography 

multiple laser light scattering (SEC-MALLS) and mass spectrometry (MS) analysis. 

5.3.2. Transient transfection in murine cells 

Existing full-length forms of human CIZ1 and CIZ1B with an N-terminal GFP tag were 

transiently transfected for 24 hours into female murine fibroblast cell line (D3T3 cells) to 

monitor differences in behaviour at the Xi. Cells underwent immunofluorescence 

processing for co-staining with repressive marks found enriched at the Xi (H2AK119Ub1 

and H3K27me3) to confirm Xi status and location. 

5.3.3. Bioinformatics 

With the help of bioinformatician Dr Andrew Mason, RNA-seq data from 433 lung cancer 

patients available from TCGA was accessed and analysed to measure expression levels 

of CIZ1 exons, and normalised relative to each individual canonical CIZ1 exon 7 as 

described in Chapter 3. Quantification of CIZ1B transcript was also carried out using the 

same 433 lung cancer patients, as well as 1078 breast cancer patients. CIZ1 exon 

expression in breast patients presented in Chapter 3 was edited to align with the breast 

cancer patient set analysed above. Comparison of CIZ1B transcript levels in normal 

breast and lung tissue was also conducted using RNA-seq data from the Genotype-

Tissue Expression (GTEx) project portal (GTEx, 2013). In all cases the quantity of CIZ1B 

variant transcript was calculated as a percentage of the total reads in the 14/15 junction 

to calculate variant allele frequency (VAF). 
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5.4. Results 

5.4.1. Murine and human C-terminal CIZ1 both exist in a multimeric state  

The domains contained in human H720 and murine C181 C-terminal fragments of CIZ1 

have been extensively described in the Introduction, but in summary, include the 

negatively charged acidic domain (AcD) and the matrin 3-homology domain (MH3) which 

contains a matrin like zinc finger (Figure 5.2A). They have a theoretical molecular weight 

of 20kDa, but when analysed in SDS-PAGE migrate aberrantly and are observed at 

approximately 25-30kDa (Figure 5.2B). This is hypothesised to be due to the high 

negative charge affecting SDS coating of the polypeptide, and this phenomenon is 

routinely observed by all members of the Coverley lab. The existence of two forms in 

both cases is hypothesised to be caused by the cleavage of the terminal 37 amino acids 

occurring during bacterial expression, as confirmed by MS analysis indicating the 

existence of these fragments and loss of epitope of extreme C-terminus CIZ1 antibodies 

(data not shown). 

When analysed under native conditions, neither construct behaves as a single species, 

and instead migrates as multiple isoforms (Figure 5.2C). Electrophoresing these 

fragments under native conditions allows for qualitative analysis of CIZ1 forms, but as 

can be seen by the differences in two different protein molecular weight ladders, it does 

not facilitate accurate molecular weight estimates. Thus, alternative assays for definitive 

molecular weight estimates were exploited. 

In Chapter 3 I showed that the MH3 domain is responsible for dimerisation of C-terminal 

fragments. Here I aimed to identify if the AcD also contributes to this, or whether it might 

influence conformation. The H720B construct was already in existence prior to my PhD 

so this was compared to H720. To complement this, I created a form of CIZ1 that lacked 

all of the AcD in the murine context (C181 ΔAcD) and compared this to C181. Together 

these two comparisons allow observation of potential effects of the AcD, verses a cancer-

associated human splice variant that affects the AcD region. A schematic representation 

of these proteins can be seen in Figure 5.2D.  

Size exclusion chromatography (SEC) profiles shown in Figure 5.2D are cropped to 

focus on the CIZ1 peak of interest, and full uncropped traces are presented in Appendix 

A. The SEC analysis of the human forms of CIZ1 was conducted in collaboration with 

Lewis Byrom, a fellow PhD student in the Coverley lab. The SEC analysis of CIZ1 

alongside their respective mutants identified that the elution time of human and murine 

CIZ1 was different, with murine CIZ1 eluting earlier than human CIZ1. More significantly 

it also identified that loss of the AcD caused a shift in elution time, with H720B showing 

the more conservative change consistent with deletion of less of the AcD. (Figure 5.2D). 
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Figure 5.2. Analysis of CIZ1 C-terminal fragments 

A. Diagram of full-length CIZ1 and small C-terminal fragments used in biochemical 

analysis in this chapter (C181/H720). C181 and H720 incorporates the AcD domain and 

the MH3 domain only, and are equivalent fragments of CIZ1 from murine and human 

respectively. C181 incorporates the terminal 181 amino acids, (including amino acids 

665-845), and H720 incorporates the terminal 179 amino acids (amino acids 720-898). 

The amino acid sequence of C181 and H720 is shown, and the AcD and MH3 domain is 

highlighted in colours corresponding to the diagram above. The B variant region is 

underlined in green. 

B. Denatured SDS-PAGE analysis of C181 and H720. Coomassie staining allows 

visualisation of all protein forms expressed in the bacterial system after purification steps. 

The same denatured molecular weight ladder is used in both gels and in part C. 

C. Native PAGE analysis of C181 and H720. The ladder on the left is a native ladder, 

the ladder on the right is a denatured ladder. 

D. Size exclusion chromatography (SEC) analysis of human and murine CIZ1. All 

samples had the sample volume loaded, the column type and flow rate matched to allow 

direct comparison. Protein presence is detected by absorption at wavelength 280nm 
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5.4.2. CIZ1 exists as a dimer regardless of acidic domain presence, however 

confirmational changes are observed 

Size exclusion chromatography multi angle laser light scattering (SEC-MALLs) was 

conducted on the same forms of CIZ1 (Figure 5.3A). This identified that all forms are 

estimated to be 37-47kDa in size (Figure 5.3B). When compared to the monomeric sizes 

of 17-20kDa this indicates that all forms of CIZ1, regardless of AcD presence, exist as a 

dimer (Figure 5.3B). Thus, we can also conclude from this that the loss of the AcD leads 

to conformational changes in CIZ1, since the shift in retention time was due to changes 

in shape rather than changes in multimeric weight. The full uncropped SEC-MALLs 

traces are provided in Appendix B. 

Modelling these forms of CIZ1 using AlphaFold2 software (Mirdita et al., 2022) showed 

that there are predicted secondary structure changes upon loss of the AcD domain 

(Figure 5.3C). They have been modelled as a monomer here to aid visualisation of 

conformational changes rather than multimeric changes. The more conservative H720B 

overlayed with H720 showed more minor changes, with the N terminus of the proteins 

overlaying regardless of the eight amino acid loss, however the C-terminus appears to 

have an altered structure, with potential changes in internal salt bridge formation, which 

could leave H720B with greater flexibility. The complete removal of the AcD in murine 

CIZ1 shows a more dramatic change. The N and C-terminus of C181 are predicted to sit 

close together in three-dimensional space, with the potential for two salt bridges to form 

similarly to the human forms. In contrast, the N and C-terminus of C181 ΔAcD are 

positioned much further apart. This more extreme change in secondary and tertiary 

structure could explain the shift in elution time of C181 ΔAcD compared to C181. It 

should be noted that all the salt bridges were predicted under loose conditions and range 

from 10-12Å in length, thus whilst they could exist, they can be treated as circumstantial 

evidence and would need to be tested directly. Nonetheless, regardless of the existence 

of these salt bridges, bioinformatic predictions in Figure 5.3C agree with the 

experimentation conducted in Figure 5.3A 
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Figure 5.3. Further analysis of CIZ1 C-terminal fragments 

A. Size exclusion chromatography (SEC-MALLS) analysis of human and murine CIZ1. 

The peaks correspond to 280 nm measurements that are read off the left hand side y-

axis, the lines correspond to light scattering measurements that are read off the right 

hand side y-axis. 

B. Molecular weight estimates produced from internal light scattering measurements 

taken in A. Multimeric state can be inferred from accurate molecular weight estimates. 

C. AlphaFold2 (Mirdita et al., 2022) modelling of murine and human C-terminal 

fragments. The polypeptide colours correspond to colours used in part A to identify WT 

and mutant forms. Polypeptides were overlayed in ChimeraX (Pettersen et al., 2021) for 

visualisation of structure changes. Blue regions on the WT forms of fragments show the 

positions of the region removed in the respective mutants (VEEELCKQ and AcD in 

human and mouse respectively). Single letter amino acid code highlights residues 

involved in intra salt bridge connections.   
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5.4.3. CIZ1 and CIZ1B interaction partner study 

To test whether the suspected confirmational changes occurring in CIZ1 upon AcD 

domain deletion influences the repertoire of protein-protein interactions supported by the 

C-terminus of CIZ1, I participated in a collaborative experiment whose main aim was to 

generate the first list of C-terminal interaction partners. Previous work from the Coverley 

lab has used GST-labelled N-terminal fragments of CIZ1 in pull-down assays using 

lysates derived from HeLa cells (Thacker et al., 2020), but no information on C-terminal 

interaction partners was available. We (myself, Lewis Byrom, Dawn Coverley, and two 

undergraduate project students) compared H720, H720B and GST alone using the 

workflow shown in Figure 5.4, and described in detail in the Materials and Methods 

chapter. 

 

Figure 5.4. Workflow of sample preparation for mass spectrometry analysis 

The left hand panel depicts the serial salt extraction steps to yield a pool of bait proteins 

that were loosely bound within the cell or tightly bound such as histones to chromatin. 

The right hand panel depicts expression and purification of recombinant protein used in 

the interaction study. The bottom shows the incubation of the sample and the final steps 

of the experimentation.  
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5.4.4. Most binding partners identified interact with a higher affinity to H720 

compared to H720B 

139 binding partners were identified in this study, after appropriate thresholding and 

significance analysis to remove spurious results, the full list is provided in Appendix C. 

The precursor ion area allowed us to quantify how much of each binding partner was 

present in each technical replicate, and is represented in a heat map (Figure 5.5). This 

shows that most of the binding partners show low or no binding to the GST only control 

(pGEX), and that the CIZ1 and CIZ1B groups cluster together more closely than to the 

control, thus giving us confidence that any interactions we are observing are not caused 

by non-specific interaction with the GST tag. Further analysis of the 121 binding partners 

that bound to CIZ1 forms more strongly than the negative control (Appendix C) using 

PANTHER pathway (Mi and Thomas, 2009) only identified DNA replication with a false 

discovery rate<0.05. This is unsurprising based on the published information detailing 

CIZ1 involvement in G1/S transition to promote DNA replication (Coverley et al., 2005), 

but does not yield any useful information.  

The heat map also identified that there was likely some sample loss in the H720B 3 

sample compared to the other H720B samples. To overcome this, all CIZ1 samples were 

normalised to their respective total ion content to control for any potential loss or gain of 

binding partner quantity due to loss or gain of overall protein recovered, and then re-

compared to each-other to identify differences. To facilitate creation of a binding partner 

list that was simple to interpret, stringent thresholding was applied and only proteins with 

an adjusted t-test value of q<0.005 were considered. In addition to this, proteins 

previously identified as binding pGEX with equal or higher affinity were also removed. 

This reduced the initial set to a total of 44 binding partners, with 37 interacting with a 

higher affinity to H720 compared to H720B and 7 interacting with a higher affinity to 

H720B compared H720. The binding partners are plotted graphically for visualisation, 

where proteins to the left of the y-axis correspond to H720 binding proteins, and proteins 

to the right of the y-axis H720B binding proteins, with the Log2 fold change values 

depicting the average quantification differences between the two groups (Figure 5.6A). 

Proteins of interest that are discussed further have been highlighted. Additionally, all the 

interaction partners are listed based on their subcellular location in Figure 5.6B. These 

are shown as their respective gene names rather than protein accession numbers to 

facilitate interpretation. The full list of all binding partners measured after normalisation 

is provided in Appendix D. 
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Figure 5.5. Heat map of interaction partner recovery 

139 CIZ1 binding partners identified in the mass spectrometry analysis. High precursor 

ion areas are depicted in red, and lower precursor ion areas are depicted in blue. The 

clustering method used was average linkage and distance measurement method used 

was Pearson correlation coefficient. The Heat map was generated using Heatmapper 

(Babicki et al., 2016). 
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Figure 5.6. Final list of H720 and H720B interaction partners 

A. Visualisation of 44 H720 and H720B binding partners at the q<0.005 threshold. 

Log2FC values represent affinity changes between the two groups, where negative 

values represent greater affinity to H720 and positive values greater affinity to H720B. 

B. Protein shown above listed with their respective subcellular localisation. This was 

identified based on data from the human protein atlas (Thul et al., 2017), UniProt 

(UniProt, 2021) and COMPARTMENTS (Binder et al., 2014).   
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5.4.5. GFP-CIZ1B accumulates at the Xi at a higher frequency than GFP-CIZ1 

To explore possible behavioural differences between CIZ1 and CIZ1B, GFP tagged CIZ1 

plasmids were introduced into cycling D3T3 cells by transient transfection. Cells that 

have been transfected with CIZ1 fall into two distinct phenotypes, that either do or do not 

contain a GFP-CIZ1 marked Xi (Figure 5.7A). In previous experimentation conducted in 

the Coverley lab up to 20% of cells in a rapidly cycling population do not contain a 

detectable endogenous CIZ1-Xi assembly, typically validated by detection of 

H2AK119Ub1, H3K27me3 or Xist (Ridings-Figueroa et al., 2017).  The exact number 

depends on the cell population and its rate of cycling. As shown in the previous chapter, 

cells with unmarked Xi’s are mostly in early G1 and yet to rebuild their CIZ1 assemblies 

after exiting mitosis. Thus, in a cycling population the majority, but not all, cells will have 

a CIZ1 marked Xi. When monitoring localisation of ectopic CIZ1 a similar result was 

seen, however when comparing full length CIZ1 or CIZ1B (Figure 5.7B) I observed some 

small but reproducible differences. Notably, an increase in number of cells with 

assemblies at Xi for GFP-CIZ1B compared to GFP-CIZ1. This is represented inversely 

as a difference in the number of cells which do not have ectopic CIZ1 at Xi (Figure 5.7C). 

Although not explored further, this result begins to suggest differences in the way that 

CIZ1B is assembled and disassembled as cell pass through the cell cycle. 

 

Figure 5.7. Behaviour of ectopic CIZ1 and CIZ1B in murine cells 

A. Example immunofluorescence pictures of cells transfected with GFP-tagged CIZ1 or 

CIZ1B. Two different cell populations are observed, either with or without a CIZ1 at the 

inactive X chromosome (Xi). Cells are co-stained with a H2AK119ub1, a well 

characterised repressive mark that is observed at the Xi to corroborate CIZ1 Xi status. 

B. Diagram of human CIZ1 forms used in experimentation. In contrast to biochemical 

experimentation full length forms of CIZ1 were utilised in this experimentation. 

C. Visualisation of the percentage of cells that do not have a CIZ1 marked Xi in CIZ1 and 

CIZ1B transfected cells. Analysis was conducted in D3T3 cells. N=biological replicates 

and within this the total number of technical replicates, n=number of cells measured. 

Error bars show SEM. Statistical comparison is by t test, p=0.002. 
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5.4.6. CIZ1B and CIZ1 transcript profile in breast and lung cancer 

To date CIZ1B has only been documented in lung cancer (Higgins et al., 2012), but could 

also occur at transcript and protein level in other tissue types. In Chapter 3 I presented 

3’ overexpression of CIZ1 in TCGA breast samples and breast cancer cell lines. Here, 

we measured the CIZ1B variant allele frequency (VAF), calculated as a percentage of 

the total reads in the 14/15 junction (i.e. the normal 14/15 junction (referred to as CIZ1A) 

and the CIZ1B reads added together). This analysis was conducted in breast normal and 

cancer samples and in lung normal and cancer samples, to allow internal comparisons. 

Analysis of lung samples revealed a very minor increase in CIZ1B VAF in cancer tissue 

compared to normal (8.6% increased to 8.8%) (Figure 5.8A). This was surprising based 

on previous data that implicated approximately 40 fold change elevation of CIZ1B 

transcript in lung tumours and cancer cell lines (Higgins et al., 2012). Further analysis 

conducted to measure CIZ1 exon expression, revealed there was also 3’ overexpression 

of CIZ1 transcripts in lung cancer patients staring from exon 10 (Figure 5.8A), as seen 

in breast cancer patients in Chapter 3 (presented again in Figure 5.8B). It should be 

noted that since we do not have data on CIZ1 exon expression levels in normal adjacent 

lung samples we can’t be sure that 3’ elevation is a cancer specific feature in lung tissue, 

however based on the reduced 3’ overexpression in normal adjacent breast tissue we 

are assuming this to be true. Since in Higgins et al. CIZ1B was quantified relative to 

actin, and here it was quantified relative to total CIZ1A and CIZ1B, this explains this 

discrepancy. Since elevation of the normal 14/15 junction too could mask CIZ1B 

elevation. Measurement of CIZ1B VAF in breast samples did not match the result in lung 

samples, and contrastingly there was a drop in CIZ1B VAF in the cancer samples relative 

to the normal samples, from ~8% to ~4% (Figure 5.8B). 
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When comparing total CIZ1 expression (transcript per million values) in normal adjacent 

samples and cancer samples from TCGA using GEPIA (Tang et al., 2017), I found that 

in breast cancer there is an overall decrease in CIZ1 expression, however in lung cancer 

there is an overall increase in CIZ1 expression (Figure 5.8C). This raises the possibility 

that there are different aberrant CIZ1 expression events occurring in the cancer types. 

For example, whilst there is strong 3’ overexpression in breast cancers, the 

downregulation of the 5’ of CIZ1 (and possibly downregulation of full-length forms) may 

supersede this. If indeed CIZ1B is only present within full length CIZ1, this could explain 

why there is a drop in CIZ1B VAF in breast cancer, but in lung cancer there is a small 

increase. Since in breast cancer there could be 3’ overexpression of CIZ1 transcripts not 

containing the CIZ1B junction, and also a fall in full length transcript containing CIZ1B, 

thus leading to an overall CIZ1B VAF reduction. Whilst measuring CIZ1B VAF based on 

the total reads at the 14/15 junction seemed appropriate at the time of analysis, in the 

future quantification of CIZ1B VAF should be based on an alternative control. This could 

be a housekeeping gene like actin or an upstream exon of CIZ1 such as exon 6/7 that is 

not subjected to 3’ elevation, and this would facilitate quantification of CIZ1B 

independent of CIZ1 3’ expression levels. However, this still provides interesting 

preliminary data that CIZ1 expression profiles in cancer may not be consistent across 

tissue types. 
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Figure 5.8. CIZ1B and CIZ1 transcript profile in breast and lung cancer 

A. Lung samples CIZ1B VAF relative to normal junction 14/15 expression (left) and CIZ1 

exon expression relative to individual exon 7 expression (right). CIZ1B VAF graph 

cropped to 25% led to visual omission of two samples from the normal set. The total 

number of outliers for the tumour and normal set is 6 and 15 respectively. In both A and 

B all cancer and normal adjacent data is extracted from the TCGA, whereas normal data 

is extracted from GTEx. Error bars show SEM. N=number of patients. Statistical analysis 

of CIZ1B VAF was conducted using a Mann Whitney U test, p=0.003 

B. Breast samples CIZ1B VAF relative to normal junction 14/15 expression (left) and 

CIZ1 exon expression relative to individual exon 7 expression (right). CIZ1B VAF graph 

cropped to 25% led to visual omission of one sample from the tumour set. The total 

number of outliers for the tumour and normal set is 30 and 3 respectively. Statistical 

analysis of CIZ1B VAF was conducted using a Mann Whitney U test, p=8.71x10-114 

C. CIZ1 TPM values in normal adjacent and cancer samples from breast and lung tissue. 

Graph generated using GEPIA utilising TCGA data. In order, N=1085,112, 483 and 59.  
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5.5. Discussion 

5.5.1 CIZ1 AD nucleic acid interactions 

A functional impact of CIZ1B could be caused by loss or gain of function affecting protein-

nucleic acid interaction or protein-protein interaction, or caused by structural changes.  

It would not be anticipated that there would be any differences in nucleic acid binding as 

a direct consequence of the eight amino acid loss, since despite this loss there is still a 

net negative charge at the AcD that would repel the negatively charged phosphate 

backbone of RNA and/or DNA. It is also known that the C-terminus as an entity does not 

bind RNA as effectively as the N-terminus (Sofi et al., 2022), and as described in Chapter 

3 the small amount of RNA binding that occurs is at the extreme C-terminus of CIZ1. 

Thus, it is unlikely that there are any differences in nucleic acid binding between CIZ1 

and CIZ1B, but this would have to be tested. 

5.5.2. Changes in CIZ1B structure? 

The analysis in this chapter identified no differences in quaternary structure between 

H720 and H720B, as both exist in the same dimeric state. However, complete deletion 

of the AcD from murine CIZ1 did appear to cause a confirmational change as seen by a 

shift in SEC elution time and structural differences predicted when using the AlphaFold2 

programme (Mirdita et al., 2022). It should be stated that whilst SEC is an assay that 

should be insensitive to charge changes, the dramatic pI change that occurs upon 

deletion of the AcD (4.97 to 9.17) could be contributing to the shift in elution time. The 

manufacturer suggests that higher salt concentrations can be used to suppress non-

specific ionic interactions between positively charged proteins and the stationary phase, 

so this could be tested to ensure that this is not a contributing factor here. To further 

analyse potential changes in secondary structure upon AcD loss other techniques could 

be explored such as circular dichroism, which measures the absorption of polarised light 

to identify what secondary structure is present in a protein of interest.  

However, since it is unlikely that CIZ1B displays any differences in protein-nucleic acid 

interactions and the changes that were identified in protein structure are minor, this 

suggests that protein-protein interactions (loss or gain) are the most likely candidate to 

facilitate CIZ1B corruption leading to tumourigenesis.  
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5.5.3. CIZ1 epigenetic maintenance and nucleolar proteins 

The MS analysis in this chapter identified many binding partners, and differences were 

seen between H720 and H720B.  

We have chosen not to focus on the large number of nucleolar proteins that were 

identified, but they may be relevant to the mechanism CIZ1 plays in epigenetic 

maintenance. We have previously shown that CIZ1 null cells show a genome wide 

reduction in the repressive marks H3K27me3 and H2AK119ub1 and a subsequent de-

regulation of polycomb regulated genes (Stewart et al., 2019). We suggest that this is 

caused by the loss of movement of the Xi (and indeed other foci), from the periphery of 

the nucleus to sites adjacent to nucleoli during S-phase. This is supported by the 

emerging evidence that the nucleolus plays additional roles in maintenance of genomic 

stability, including the DNA damage response (DDR) and epigenetic regulation 

(Lindstrom et al., 2018). Perhaps Xi movement is facilitated by CIZ1’s affinity with 

nucleolar proteins, and reduction in these interactions for H720B could compromise this 

mechanism. Since we did not include RNase in our sample preparation steps, we cannot 

fully rule out that some of these interactions could be indirect interactions bridged by 

RNA in our binding reactions (derived from bacterial or HeLa cells). However, whilst 

murine C-terminal fragments have been shown to be capable of binding RNA 

promiscuously, they did not interact with 18S rRNA (Sofi et al., 2022), which would argue 

against nucleolar RNA as a bridge between CIZ1 and other RNA binding proteins. An 

ongoing project is currently underway to investigate human CIZ1 C-terminal 

protein:protein interactions using an alternative H720 mutant which lacks the extreme C-

terminus that we now know to be implicated in CIZ1 C-terminal RNA interactions. 
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5.5.4. CIZ1 interaction with linker histones 

Histones were extensively identified as CIZ1 interaction partners in this study. In 

eukaryotes DNA is packaged into nucleosomes that consist of DNA wrapped around 

eight core histones (four dimers of H2A, H2B, H3 and H4), resembling “beads on a string” 

(Olins and Olins, 1974). These nucleosomes are further compacted by linker histones 

that bind at DNA entry and exit sites. There are 11 protein isoforms of H1, including the 

7 somatic histones H1.0-H1.5, H1.10, and 4 germ cell specific histones H1oo, H1t, H1T2 

and HILS1 (Hergeth and Schneider, 2015). The somatic H1 variants are further 

categorised based on their expression profile, as either replication dependent (H1.1-

H1.5) or replication independent (H1.0 and H1.10) (Mayor et al., 2015). Here we 

identified that H720 and H720B had the same affinity to the core histones (Appendix D), 

but contrastingly H720 interacted more strongly with linker histones H1.0, H1.5 and 

H1.10, compared to H720B. It should also be noted that H1.2 and H1.3 were also 

identified in this screen, but these did not meet the criteria of at least two unique peptide 

sequences so were subsequently removed. This is likely due to the high sequence 

identity of the replication dependent H1 subtypes (Hergeth and Schneider, 2015) making 

it less likely that the peptides will be unique to a particular subtype and instead that amino 

acid sequence is conserved across H1 types. This together suggests that CIZ1 has no 

preferential binding to replication dependent or replication independent linker histones, 

but that H720B shows decreased affinity to linker histones generally.  

The precise role of linker histones compared to core histones remains a subject of 

intensive study. Upon H1 loss there is an increased propensity to DNA breaks and 

DNA:RNA hybrids in heterochromatin (Bayona-Feliu et al., 2017), suggesting that it plays 

a protective role. Additionally linker histones are implicated in protein:protein 

interactions, with suggestions that they could act as recruitment hubs for proteins 

involved in regulation of chromatin status (McBryant et al., 2010, Kalashnikova et al., 

2016), such as interaction with DNA methyltransferases DNMT1 and DNMT3B in 

embryonic stem cells (Yang et al., 2013) and polycomb repressive complex 2 (PRC2) for 

H3K27me3 modifications in somatic cells (Willcockson et al., 2021). Finally, linker 

histones have been shown to promote compaction by liquid-liquid phase separation 

(LLPS) (Gibson et al., 2019), which CIZ1 has also been implicated in (Sofi et al., 2022). 

Attempting to draw a conclusion of the significance of H1.0, H1.5 and H1.10 being 

identified in the screen is challenging since the exact individual roles of H1 subtypes 

remains quite unknown. H1.0 has been shown to interact with proteins located in the 

nucleolus (Kalashnikova et al., 2013) and H1.10 demonstrates G1 nucleolar 

accumulation (Stoldt et al., 2007), thus CIZ1 interaction with these subtypes could be 

relevant given the high propensity of nucleolar proteins identified in this interaction study. 
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Interestingly H1.0 has also been implicated in cell differentiation (Zlatanova and 

Doenecke, 1994), and in cancer H1.0 levels correlate with tumour differentiation status, 

where silencing facilitates long term proliferative potential (Torres et al., 2016). 

Additionally, melanoma cells have been shown to excrete H1.0 to escape differentiation 

(Schiera et al., 2016). However, the biological significance of the reduced affinity 

associated with alternative spicing of the AcD in CIZ1B remains to be explored further. 

5.5.5. CIZ1 involvement in the DNA damage response  

Other interactions identified in this study that are of note include two heat shock proteins 

(Hsp) and PARP-1. PARP-1 inhibitors have been utilised in the clinic for patients with 

BRCA mutations to preferentially target cancer cells based on their compromised DNA 

repair pathways (Chen, 2011). Additionally, it has been identified that Hsp70 translocates 

to the nucleus and binds to PARP-1 to protect HeLa cells from single stranded breaks 

(Kotoglou et al., 2009). Thus, it of interest here that a cancer associated form of CIZ1 

shows reduced interaction with these proteins. It is already known that CIZ1 is involved 

in the DDR for protection from double stranded breaks (DSBs), as seen by an increase 

in DSBs in CIZ1 null mice compared to WT mouse embryonic fibroblasts (Khan et al., 

2018). The interactions identified here provide preliminary evidence to suggest that CIZ1 

could also be involved in protection against single stranded breaks by interacting with 

multiple players in the DDR.  

In addition to this, mitochondrial transcription factor A (TFAM) was identified as a H720 

interactor. TFAM is also found in the nucleus anchored to chromatin (Lee et al., 2014). 

In the mitochondria TFAM protects mitochondrial DNA (mtDNA) from damage by 

reducing production of reactive oxygen species (ROS) (Xu et al., 2009, Kunkel et al., 

2018), however too much TFAM can lead to excessive repression of mtDNA and 

deficient oxidative phosphorylation (Bonekamp et al., 2021), so there is a fine balance 

to be maintained. In the nucleus TFAM does not appear to bind robustly to any sites 

(Wang et al., 2013), but is involved in negative self-regulation via suppression of NRF-1 

leading to down regulation of TFAM expression (Lee et al., 2014). If indeed CIZ1 is 

interacting with TFAM in the nucleus in vivo it could be implicated in TFAM self-

regulation, and thus upon loss or upregulation of cancer associated CIZ1 forms acting in 

a dominant negative mechanism the fine tuning of this mechanism could be affected. 

Additional evidence to support this is the involvement of p21 in TFAM expression, 

whereby loss of p21 leads to upregulation of TFAM expression (Kim et al., 2013). Since 

CIZ1 modulates p21 (Mitsui et al., 1999), in a setting where CIZ1 is corrupted this could 

lead to the opposite outcome and a downregulation of TFAM via upregulation of p21. 

This could leave mtDNA susceptible to damage via ROS, as is seen with nuclear DNA 

upon CIZ1 loss (Khan et al., 2018). 
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5.5.6. Mechanism of CIZ1 excretion into plasma? 

The CIZ1B biomarker is detected in blood plasma from lung cancer patients (Higgins et 

al., 2012, Coverley et al., 2017), however the process by which it passes from the 

nucleus of cells into the blood stream has not been explored and remains an important 

open question. Coatomer subunit alpha (COPA) was returned as the most significant 

interaction partner with preference for H720B (q=1.9x10-4).  

COPA is a subunit of the coat protein complex 1 (COPI). The accepted common function 

of COPI is in Golgi to endoplasmic reticulum (ER) recycling (retrograde transport), 

whereas COPII has been implicated in ER to Golgi transport (anterograde transport) 

(Arakel and Schwappach, 2018). However, there are still many details of COPI function 

and structure that remain unknown, and indeed early literature claimed COPI potentially 

had a role in anterograde transport (Gaynor and Emr, 1997, Orci et al., 1997, Schekman 

and Mellman, 1997, Orci et al., 2000) and there was Golgi to ER protein recycling that 

was COPI independent (Storrie et al., 2000). A more recent publication has implicated 

COPI in bidirectional protein transport, under the regulation of GTPase CDC42 (Park et 

al., 2015). Regardless of the direction COPI movement, microtubules are required for 

anterograde (Fourriere et al., 2020) and retrograde (Pietrantoni et al., 2020) transport by 

providing a scaffold for kinesin or dynein attachment, thus it is unsurprising that two 

tubulin proteins were also identified in our screen. If COPI is involved in anterograde 

protein transport this could provide a mechanism for CIZ1 excretion into plasma. Thus 

heightened affinity for CIZ1B, could underpin CIZ1B abundance in plasma. Interestingly 

COPA has itself been implicated in cancer development via the mTOR signalling 

pathway in hepatocellular carcinoma (Song et al., 2021), and is also found to be 

upregulated in cervical cancer where it is being explored as a biomarker (Bao et al., 

2022). 

COPA is also a precursor protein from which the gastrointestinal hormone Xenin is 

believed to be produced (Chow and Quek, 1997). Xenin is secreted into plasma after 

eating (Feurle et al., 1992). The proteases implicated in the cleavage event that produces 

Xenin could be implicated in CIZ1 cleavage to create the CIZ1B fragments identified in 

patient plasma (Coverley et al., 2017). 
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5.5.7. Concluding remarks and future work 

The MS interaction study did not identify any protein interactions that upon inspection of 

the relevant literature could provide an obvious rationale for the elevated CIZ1B Xi 

accumulation frequency compared to WT CIZ1. Perhaps in the context of full length CIZ1 

there are additional changes in protein:protein interactions that have not been identified 

in the CIZ1 C-terminal fragments. In Chapter 3 I showed the CIZ1 C-terminal fragments 

exist as a dimer via interactions mediated by the MH3 domain, and here I showed that 

the partial or full loss of the AcD had no effect on multimeric state, thus the differences 

in interaction partners observed is not due to changes in CIZ1 multimeric state. An 

interesting avenue of future work would be to monitor difference in CIZ1 C-terminal 

interaction partners upon MH3 loss to measure if CIZ1 dimerisation is required for any 

of these partners.  

Whilst there were no differences in CIZ1 quaternary structure upon AcD loss, there was 

preliminary evidence to suggest changes in CIZ1 secondary or tertiary structure, and 

perhaps these changes are responsible for the decreased binding affinity to the majority 

of biding partners. Whilst there were lots of binding partners of interest that were 

observed here, before a particular avenue is explored further, it would be pertinent to 

confirm a CIZ1 binding partner using a Co-IP assay to confirm that this interaction occurs 

in vivo with endogenous CIZ1, not just in an in vitro CIZ1 overexpression context. 

Finally, I presented preliminary evidence to suggest that there are different events of 

aberrant CIZ1 expression occurring in different cancer tissue types. This has implications 

when attempting to deconvolute what mechanisms are being corrupted in early cancer 

development in different cancers, and suggests that we may not be able to extrapolate 

data from one cancer to another, since we do not know if there are any shared 

downstream consequences of CIZ1B expression compared to CIZ1 3’ transcript 

elevation. Extended profiling of the events occurring and subsequent consequences in 

different tissue types is required before we can draw any conclusions, and this further 

highlights the complexity of altered CIZ1 expression in cancer. 
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6. Discussion 

6.1. CIZ1 as a protector of epigenome and genome 

Previous work has shown that deletion of CIZ1 caused loss of H2AK119ub1 and 

H3K27me3 at the inactive X chromosome (Xi) (Stewart et al., 2019), and the introduction 

of ectopic full length CIZ1 in CIZ1 null cells led to recovery of H2AK119ub1 and 

H3K27me3 (Sofi et al., 2022). Loss of these epigenetic marks in CIZ1 null cells correlated 

with deregulation of genome wide polycomb regulated genes (Stewart et al., 2019). Here 

I showed that the expression of dominant negative (DN) fragments also resulted in the 

loss of these epigenetic marks (Chapter 3 and 4), thus these DN fragments could mirror 

the environment of a CIZ1 depleted cell, and profiling the changes in gene expression in 

CIZ1 null cells and cells expressing CIZ1 DN fragments and comparing the results 

presents as an interesting follow up analysis. Since CIZ1 is a gene that is prone to 

alternative splicing events (Rahman et al., 2010), some of the documented cases of CIZ1 

overexpression could actually be examples of alternative splicing leading to DN effects 

that could essentially mimic CIZ1 loss. In fact if only the 3’ CIZ1 mRNA had been profiled 

in this body of work, it could have been wrongly concluded that it was another example 

of CIZ1 overexpression. This highlights the need for rigorous profiling of aberrant gene 

expression before conclusions can be drawn regarding how it is deviated from normal 

expression. 

Since upon long term culturing of CIZ1 null cells there was partial recovery of 

H2AK119ub1 and H3K27me3 accumulation at the Xi (Stewart et al., 2019), this suggests 

the existence of a compensatory mechanism to restore proper gene regulation. This, in 

line with the observation that the Xi is highly stable and has only been re-activated upon 

cell reprogramming to an early developmental stage (Wutz, 2011), could provide a 

rationale for why there was only activation of a subset of X-linked genes in primary 

embryonic fibroblasts (PEFs) (3.6%) upon CIZ1 loss (Ridings-Figueroa et al., 2017). 

Contrastingly, in agreement with the suggestion that some cell types are more reliant on 

Xist for maintenance of the Xi (Loda et al., 2022), CIZ1 loss in female mice spleens led 

to dysregulation of 25% of the X-linked genes by greater than two fold, (alongside other 

genome wide changes), possibly implicating this CIZ1 associated X-linked de-regulation 

with development of the lymphoproliferative disorder observed. Whilst PEFs exposed to 

long term culture with chronic CIZ1 loss potentially developed a compensatory 

mechanism, this may not be the case with cells exposed to DN fragments, since as 

shown in Chapter 4 DN fragments behave in a dynamic manner and are only able to 

exert their function in early G1. Thus, perhaps they could be more deleterious than a 

CIZ1 null environment if the cell is not able to overcome this corruption.  
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It has been documented that PRC1/2 targets are often deregulated in cancer (reviewed 

in (Parreno et al., 2022)) and that there is aberrant gene activity from the Xi in primary 

breast tumours (Chaligné et al., 2015). Since the DN fragments led to loss of epigenetic 

modifications from the Xi, it could be postulated that gene deregulation might also be 

observed at the Xi in this instance. To measure this RNA extraction samples collected 

from cells expressing DN fragments are currently in the process of being analysed.  

In CIZ1 null cells there is evidence of DNA damage and aberrant cell cycle progression 

(Khan et al., 2018) and leukaemias (Nishibe et al., 2013), so clearly CIZ1 plays an 

important role in correct cell cycle progression and preventing DNA damage. 

Additionally, it has been shown that mice are tolerant to Xist deletion, until exposed to 

carcinogens and inflammatory agents, suggesting Xist also plays a protective role (Yang 

et al., 2020b), possibly mediated by CIZ1 and other proteins. Here I observed that the 

C-terminus of CIZ1 directly interacts with some of the components of the DNA damage 

response (DDR) (Chapter 5). Thus, the overexpression of C-terminal DN fragments in 

cancers (Chapter 3) could be perturbing this important fidelity mechanism, by 

sequestering interaction partners. Additionally the C-terminus of CIZ1 is responsible for 

interactions with p21 (Mitsui et al., 1999), which restrains cell cycle progression and is a 

known tumour suppressor (Shamloo and Usluer, 2019). Thus, overexpression of C-

terminal fragments could also be leading to increased inhibition of p21 activation, which 

could also be leading to the accumulation of damaged DNA. Indeed it has been shown 

that a reduction in p21 has been associated with an upregulation of stemness and EMT 

in cells (Rohnalter et al., 2015). Therefore, overall C-terminal DN fragments could be 

leading to genetic and epigenetic changes, but this requires follow up analysis.  
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6.2. C-terminal fragments implicated in nuclear matrix breakdown in 

cancer? 

The corruption of the nuclear matrix (NM) in tumours is well documented (reviewed in 

(Lever and Sheer, 2010)), and since NM proteins are implicated in core processes such 

as DNA replication, RNA synthesis and processing, and nuclear transport, aberrations 

could have reaching effects. Additionally it has been documented that there are changes 

in protein immobilisation to the NM in differentiated and undifferentiated cells, for 

example cyclin E has been shown to be immobilised on the NM in a variety of 

differentiated vertebrate cells, but not in undifferentiated and cancer cells (Munkley et 

al., 2011). Since cancer can be thought of as a reversion to an undifferentiated state 

(Carvalho, 2020), this suggests that the solubility (and diffusibility) of cell cycle factors 

such as cyclin E could be implicated in the plasticity of cancer cells. This is interesting 

when considering the role of CIZ1 in cyclin delivery during the G1/S transition (Copeland 

et al., 2010), and suggests that aberrant CIZ1 expression could be associated with this 

loss of NM binding. 

Polycomb group proteins (PcGs) are key regulators of developmental genes in human 

(Lee et al., 2006) and mice (Boyer et al., 2006) embryonic stem cells, and as mentioned 

above PRC1/2 targets are often deregulated in tumours (Parreno et al., 2022). It has 

been shown that PcGs exert their repressive effects by epigenetic modifications of 

histones, but also by causing architectural changes to chromatin, as observed by PRC2 

mediated long-range intra- and inter-chromosomal interactions (Tiwari et al., 2008). 

Tying together the observations that CIZ1 loss led to corruption of PcG mediated 

regulation (Stewart et al., 2019), and the observation that CIZ1 overexpression led to a 

reduced accumulation of Xist at the Xi (Sunwoo et al., 2017) where it was hypothesised 

to be saturating the NM binding sites for Xist accumulation, this could suggest that under 

normal circumstances and at normal levels, CIZ1 could act as a bridging protein for PcG 

and Xist anchoring to the NM. This suggestion is supported by the observation that upon 

CIZ1 loss, EZH2 (a subunit of PRC2) had increased extractability in high salt, RNAse 

and DNase, which in primary WT cells it was resistant to (Stewart et al., 2019).  

Considering this, expression of CIZ1 DN fragments could corrupt NM binding by 

saturating NM binding sites as described by Sunwoo et al. Since it is the C-terminal AD 

of CIZ1 that is implicated in NM attachment (Ainscough et al., 2007) this seems plausible. 

If this is indeed occurring it could exacerbate NM corruption in tumours, or indeed could 

even be one of the driving events of NM breakdown. Therefore an interesting future line 

of experimentation would be to identify if there is an increase in protein extractability 

when DN fragments are present, indicating reduced immobilisation on the NM.  
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6.3. Effect of CIZ1B splicing on CIZ1 function 

One of my goals was to explore, and derive insight into, the effect that partial exclusion 

of exon 14 might have on CIZ1 function, and to understand whether it might play a role 

in promoting lung cancer. The interaction study in Chapter 5 comparing the binding 

affinity of a WT and CIZ1B human C-terminal fragments identified perturbed binding 

affinity of CIZ1B to several proteins. As discussed, this included components of the DDR 

(HSPA1B, HSPA5 and PARP1), and H1.0, H1.5 and H1.10 variants of the H1 linker 

histone.  

Interestingly CIZ1 and CIZ1B interacted with other histone subtypes with equal affinity, 

including MACROH2A1, that is well known for being enriched at the Xi (Costanzi and 

Pehrson, 1998), therefore suggesting CIZ1B corruption implicates a mechanism that is 

specific to the H1 subtype. As described in Chapter 5, linker histones have been 

suggested to act as recruitment hubs for proteins involved in regulation of chromatin 

status, including PRC2 (Willcockson et al., 2021), and have also been shown to promote 

compaction by liquid-liquid phase separation (LLPS) (Gibson et al., 2019). Since CIZ1 

has phase separation qualities (Sofi et al., 2022), and is crucial for PRC2 function at the 

Xi (Stewart et al., 2019), perhaps it is implicated in both of these roles of linker histones. 

Loss of H1 has also been associated with DNase hypersensitivity of pluripotency factors 

such as Oct4 and Sox2, suggesting that it is normally enriched at these sites (Geeven 

et al., 2015), and in addition it has been shown to be enriched at the Xi (Chadwick and 

Willard, 2003). If CIZ1 is somehow involved in this enrichment, and this is subsequently 

perturbed by expression of CIZ1B, this could lead to reactivation of pluripotency factors 

and Xi repression erosion, as described above when considering the possible 

implications of the CIZ1 C-terminal fragments. Finally, loss of H1 has been associated 

with changes in chromosome compaction and an increase in nuclear volume (Hashimoto 

et al., 2010). This mirrors the phenotype observed when CIZ1 is absent, and cells 

undergo subsequent rounds of entering and exiting the cell cycle (Dobbs et al, 

unpublished). This could suggest that similarly to CIZ1 C-terminal fragments, CIZ1B also 

shares features of CIZ1 null cells. 

Thus overall, upon CIZ1B expression with a perturbed ability to interact with linker 

histones or DDR components, this could be highly determinantal for epigenetic 

maintenance, and could also lead to accumulation of somatic mutations. So, as 

suggested above with CIZ1 C-terminal fragment overexpression, CIZ1B expression 

could also be implicated in both genetic instability and changes to epigenetic regulation, 

but via different mechanisms. 
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6.4. Relationship between CIZ1 expression and histone content 

Histone chaperones are upregulated in a variety of cancers, and are categorised as a 

tumour promoting factors (Ray-Gallet and Almouzni, 2022), and histone density has 

been observed to be aberrated in cancer cell lines (Bruhn et al., 2022). An early 

observation in this body of work and others in the lab, is that histone quantity changes in 

response to changes in CIZ1 expression. It was observed that upon lentiviral 

transduction of CIZ1 C-terminal fragments, this led to overexpression of histone content 

relative to actin (Chapter 4). Additionally, when monitoring histone content in a normal 

breast epithelium cell line and in breast cancer cell lines, compared to primary breast 

epithelial cells, it was noted that histone levels were consistently higher in the cell lines 

relative to actin levels (Chapter 3). This was initially attributed to the altered karyotype of 

cancer cells, which can be approaching tetraploid (Nicholson and Cimini, 2013), and the 

acknowledgment that normal cell lines upon long term culturing can have phenotypes 

that are intermediate between normal and cancer tissue (Khanuja et al., 1993), and also 

have altered karyotypes (Bloomfield and Duesberg, 2015). However, coupling these 

observations with the observation that CIZ1 AD interacts directly with histones (Chapter 

5), and that upon CIZ1 loss there appears to perturbations in histone levels relative to 

CIZ1 WT cells (Coverley lab ongoing work), suggests an intimate relationship between 

CIZ1 and histones. 

Since CIZ1 has been implicated in the movement of the Xi towards the nucleolus in S 

phase (Stewart et al., 2019), which is required to maintain the epigenetic state of the Xi 

(Zhang et al., 2007), perhaps CIZ1 somehow mediates interactions between the 

replicating Xi and these histone chaperone complexes. Since it has been shown that 

there is an inverse correlation between histone content and RNA pol II occupancy (Das 

and Tyler, 2012), perhaps upon CIZ1 loss or dispersal from the Xi, the cell senses 

deregulation of polycomb regulated genes, and upregulates histone production as a 

compensatory mechanism. It should be stated that this is speculation in an attempt to 

rationalise how altered CIZ1 could affect cellular histone content, and this requires 

rigorous formal testing. 

A further possible functional relationship relates to histone production. CIZ1 is implicated 

in cyclin E/A delivery to activate CDK2 (Copeland et al., 2010) and cyclin E/CDK2 has 

been shown to phosphorylate S phase-specific substrates such as NPAT, which is 

involved in the activation of histone gene transcription (Zhao et al., 1998). This could 

provide a link between CIZ1 overexpression and increased histone content. 
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6.5. Concluding remarks 

Here I attempted to deconvolute the conflicting evidence in the literature of CIZ1 over-

expression and under-expression both being associated with tumourigenesis, and how 

mutated forms of CIZ1 also sit in these pathways. I showed that whilst over-expression 

of CIZ1 C-terminal fragments and expression of the CIZ1B cancer associated splice 

variants presented with different phenotypes, they may both be involved in corruption of 

epigenetic maintenance and an impaired DDR. This does not seem unreasonable given 

the existing literature of epigenetic corruption (Stewart et al., 2019) and accumulation of 

DNA damage (Khan et al., 2018) upon CIZ1 loss. However, it should be stated that this 

is a preliminary hypothesis and is subject to rigorous follow up testing to confirm. 

Work presented here and elsewhere indicated that cells are sensitive to subtle in vivo 

changes in CIZ1, and that there is a fine balance that has to be achieved for 

homeostasis. This suggests that it would likely be too difficult to design pharmaceuticals 

that target CIZ1 misexpression, without being counterproductive and creating the inverse 

effect. However, the use of CIZ1B as a biomarker is under development (Coverley et al., 

2017), and if follow up work to characterise CIZ1B levels in other cancer tissue types is 

conducted and confirmed, this could convert the use of the CIZ1B biomarker assay for 

lung cancer diagnosis into a far reaching diagnostic tool. 

In addition to this if the uncoupled expression of CIZ1 RD and AD documented in breast 

cancers is characterised in other tissue types, this could present as an additional 

biomarker opportunity, but of course would be harder to design and implement. 

Regardless, a better understanding of the role of CIZ1 in tumourigenesis, especially a 

more in-depth profiling of both aberrant expression and downstream consequences, 

could eventually improve patient outcomes, so is a path worth pursuing. 
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Appendices 

Appendix A. Full SEC traces presented in Chapter 3 and Chapter 5 
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Appendix B. Full SEC-MALLs traces presented in Chapter 3 and Chapter 5 
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Appendix C. Full list of interaction partners identified by mass spectrometry in 

Chapter 5 
 

Interaction partners are categorised as: binding CIZ1 more strongly than the negative 

control (CIZ1>NC), binding the negative control more strongly than CIZ1 (NC>CIZ1) or 

no differences between the three sets, (NC=CIZ1) respectively. 

Number Name Highest mean condition 3-Way ANOVA q value Group 

1 DDX56 WT/B 1.4x10-11 CIZ1>NC 

2 UBTF WT/B 1.4x10-11 CIZ1>NC 

3 CIZ1 WT/B 3.2x10-10 CIZ1>NC 

4 SRP14 WT/B 9.4x10-9 CIZ1>NC 

5 DDX31 WT/B 1.9x10-8 CIZ1>NC 

6 RPS26 WT/B 3.1x10-8 CIZ1>NC 

7 BSG WT/B 5.8x10-8 CIZ1>NC 

8 TOP1 WT/B 9.6x10-8 CIZ1>NC 

9 NOP2 WT/B 9.4x10-8 CIZ1>NC 

10 DDX18 WT/B 9.6x10-8 CIZ1>NC 

11 RPL23A WT/B 1.1x10-7 CIZ1>NC 

12 SRSF1 WT/B 1.0x10-7 CIZ1>NC 

13 TFAM WT/B 1.7x10-7 CIZ1>NC 

14 SRSF2 WT/B 1.7x10-7 CIZ1>NC 

15 MYBBP1A WT/B 1.9x10-7 CIZ1>NC 

16 GAPDH WT/B 1.9x10-7 CIZ1>NC 

17 SPATS2L WT/B 2.6x10-7 CIZ1>NC 

18 FBL WT/B 2.5x10-7 CIZ1>NC 

19 DDX27 WT/B 2.6x10-7 CIZ1>NC 

20 RPS7 WT/B 2.6x10-7 CIZ1>NC 

21 HP1BP3 WT/B 4.1x10-7 CIZ1>NC 

22 RPL11 WT/B 4.7x10-7 CIZ1>NC 

23 DDX21 WT/B 5.5x10-7 CIZ1>NC 

24 CSNK2A3 WT/B 6.0x10-7 CIZ1>NC 

25 RBM28 WT/B 6.3x10-7 CIZ1>NC 

26 RPS6 WT/B 8.3x10-7 CIZ1>NC 

27 RPL23 WT/B 1.1x10-6 CIZ1>NC 

28 H1-10 WT/B 1.3x10-6 CIZ1>NC 

29 RPS14 WT/B 1.3x10-6 CIZ1>NC 

30 H2BC18 WT/B 1.3x10-6 CIZ1>NC 

31 RPS8 WT/B 1.3x10-6 CIZ1>NC 

32 SLTM WT/B 1.3x10-6 CIZ1>NC 

33 DNAJC9 WT/B 1.4x10-6 CIZ1>NC 

34 H1-5 WT/B 1.4x10-6 CIZ1>NC 

35 SUPT16H WT/B 1.5x10-6 CIZ1>NC 

36 RPL3 WT/B 1.6x10-6 CIZ1>NC 

37 RPS2 WT/B 2.2x10-6 CIZ1>NC 

38 H1-0 WT/B 2.8x10-6 CIZ1>NC 

39 RPS3A WT/B 2.8x10-6 CIZ1>NC 

40 DHX9 WT/B 3.6x10-6 CIZ1>NC 

41 RPS16 WT/B 3.8x10-6 CIZ1>NC 

42 SRSF3 WT/B 3.9x10-6 CIZ1>NC 

43 RPL31 WT/B 4.5x10-6 CIZ1>NC 

44 TOP2A WT/B 5.8x10-6 CIZ1>NC 

45 RPS4X WT/B 6.6x10-6 CIZ1>NC 

46 HNRNPC WT/B 6.8x10-6 CIZ1>NC 

47 RPL7A WT/B 1.1x10-5 CIZ1>NC 

48 H2AZ1 WT/B 1.2x10-5 CIZ1>NC 

49 RBMX WT/B 1.5x10-5 CIZ1>NC 

50 RPS3 WT/B 1.6x10-5 CIZ1>NC 

51 RPL7 WT/B 1.7x10-5 CIZ1>NC 
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Number Name Highest mean condition 3-Way ANOVA q value Group 

52 PARP1 WT/B 2.3x10-5 CIZ1>NC 

53 H1-1 WT/B 2.6x10-5 CIZ1>NC 

54 RPL27 WT/B 2.8x10-5 CIZ1>NC 

55 RACK1 WT/B 2.8x10-5 CIZ1>NC 

56 NOP56 WT/B 4.0x10-5 CIZ1>NC 

57 RPS27 WT/B 4.4x10-5 CIZ1>NC 

58 RSL1D1 WT/B 5.1x10-5 CIZ1>NC 

59 RPS5 WT/B 7.6x10-5 CIZ1>NC 

60 H2BC11 WT/B 8.1x10-5 CIZ1>NC 

61 RPSA WT/B 8.4x10-5 CIZ1>NC 

62 PDCD11 WT/B 8.8x10-5 CIZ1>NC 

63 RPL19 WT/B 1.2x10-4 CIZ1>NC 

64 H4C8 WT/B 1.3x10-4 CIZ1>NC 

65 NIFK WT/B 1.6x10-4 CIZ1>NC 

66 GNL3 WT/B 2.3x10-4 CIZ1>NC 

67 RPLP0 WT/B 2.3x10-4 CIZ1>NC 

68 SRP72 WT/B 2.7x10-4 CIZ1>NC 

69 SMARCA5 WT/B 3.3x10-4 CIZ1>NC 

70 H3C13 WT/B 3.7x10-4 CIZ1>NC 

71 RPS18 WT/B 4.9x10-4 CIZ1>NC 

72 NCL WT/B 5.0x10-4 CIZ1>NC 

73 SSRP1 WT/B 5.1x10-4 CIZ1>NC 

74 RPL15 WT/B 7.3x10-4 CIZ1>NC 

75 CCDC86 WT/B 8.4x10-4 CIZ1>NC 

76 RPL30 WT/B 8.7x10-4 CIZ1>NC 

77 MACROH2A1 WT/B 1.3x10-3 CIZ1>NC 

78 RPL35 WT/B 1.4x10-3 CIZ1>NC 

79 RPS19 WT/B 1.6x10-3 CIZ1>NC 

80 RPS13 WT/B 2.2x10-3 CIZ1>NC 

81 BRIX1 WT/B 2.4x10-3 CIZ1>NC 

82 EEF1B2 WT/B 2.4x10-3 CIZ1>NC 

83 HSPA5 WT/B 2.7x10-3 CIZ1>NC 

84 NOP58 WT/B 3.0x10-3 CIZ1>NC 

85 SLC25A5 WT/B 7.2x10-3 CIZ1>NC 

86 RPL18 WT/B 8.5x10-3 CIZ1>NC 

87 BAZ1B WT/B 2.0x10-2 CIZ1>NC 

88 RTRAF WT/B 4.6x10-9 CIZ1>NC 

89 FAM98A WT/B 4.0x10-9 CIZ1>NC 

90 TUBB WT/B 1.0x10-8 CIZ1>NC 

91 DIMT1 WT/B 3.2x10-8 CIZ1>NC 

92 COPA WT/B 7.3x10-8 CIZ1>NC 

93 NAT10 WT/B 9.1x10-8 CIZ1>NC 

94 REXO4 WT/B 8.7x10-8 CIZ1>NC 

95 RPS15A WT/B 1.0x10-7 CIZ1>NC 

96 SAFB WT/B 9.4x10-8 CIZ1>NC 

97 DDX24 WT/B 1.1x10-7 CIZ1>NC 

98 RRP1B WT/B 1.1x10-7 CIZ1>NC 

99 NUMA1 WT/B 2.6x10-7 CIZ1>NC 

100 RPS24 WT/B 5.1x10-7 CIZ1>NC 

101 RTCB WT/B 9.0x10-7 CIZ1>NC 

102 SAFB2 WT/B 1.4x10-6 CIZ1>NC 

103 RPS11 WT/B 1.4x10-6 CIZ1>NC 

104 RPL13A WT/B 1.9x10-6 CIZ1>NC 

105 CSNK2A2 WT/B 2.0x10-6 CIZ1>NC 

106 KNOP1 WT/B 2.0x10-6 CIZ1>NC 

107 RPL17 WT/B 2.3x10-6 CIZ1>NC 

108 RPL13 WT/B 3.0x10-6 CIZ1>NC 

109 RPL10 WT/B 1.7x10-5 CIZ1>NC 

110 TUBB6 WT/B 1.7x10-5 CIZ1>NC 
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Number Name Highest mean condition 3-Way ANOVA q value Group 

111 TUBA4A WT/B 1.9x10-5 CIZ1>NC 

112 SRSF10 WT/B 2.0x10-5 CIZ1>NC 

113 GPATCH4 WT/B 1.1x10-4 CIZ1>NC 

114 TUBA1C WT/B 1.7x10-4 CIZ1>NC 

115 MKI67 WT/B 2.1x10-4 CIZ1>NC 

116 DDX1 WT/B 2.8x10-4 CIZ1>NC 

117 RPLP2 WT/B 3.4x10-4 CIZ1>NC 

118 RPL4 WT/B 5.4x10-4 CIZ1>NC 

119 ACTB WT/B 1.6x10-3 CIZ1>NC 

120 RBM34 WT/B 2.0x10-3 CIZ1>NC 

121 RPS9 WT/B 2.0x10-2 CIZ1>NC 

122 GSTM3 pGEX 1.7x10-5 NC>CIZ1 

123 LUC7L2 pGEX 1.4x10-4 NC>CIZ1 

124 LANCL1 pGEX 1.6x10-4 NC>CIZ1 

125 GSTM1 pGEX 2.5x10-4 NC>CIZ1 

126 HSPA1A pGEX 5.9x10-4 NC>CIZ1 

127 HSPA9 pGEX 7.5x10-4 NC>CIZ1 

128 HSPA8 pGEX 1.5x10-3 NC>CIZ1 

129 CBR1 pGEX 7.6x10-3 NC>CIZ1 

130 AHCTF1 pGEX 1.7x10-2 NC>CIZ1 

131 TSFM pGEX 3.8x10-2 NC>CIZ1 

132 XRCC5 WT/B 1.0x10-1 NC=CIZ1 

133 PRKDC pGEX 1.1x10-1 NC=CIZ1 

134 EEF1A1P5 WT/B 1.2x10-1 NC=CIZ1 

135 HNRNPU WT/B 2.3x10-1 NC=CIZ1 

136 EEF1G WT/B 3.0x10-1 NC=CIZ1 

137 GSTP1 pGEX 3.8x10-1 NC=CIZ1 

138 XRCC6 pGEX 4.6x10-1 NC=CIZ1 

139 RBM39 pGEX 7.2x10-1 NC=CIZ1 
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Appendix D. Comparison of H270 an H720B interaction partners identified by mass 

spectrometry after internal normalisation 

Interaction partners are categorised as: binding H720 more strongly than H720B, binding 

H720B more strongly than H720, binding the negative control more strongly than H720 

and H720B as identified in Appendix C, binding H720 more strongly than H720B but 

q>0.005, and binding H720B more strongly than H720 but q>0.005. 

Number Name Highest mean condition Fold change t-test q value 

1 NOP2 WT 7.6 3.7x10-5 

2 CCDC86 WT 3.0 5.5x10-5 

3 SRSF3 WT 6.0 7.6x10-5 

4 HSPA5 WT 1.8 7.6x10-5 

5 UBTF WT 2.1 1.2x10-4 

6 RSL1D1 WT 4.2 1.9x10-4 

7 DDX21 WT 3.6 1.9x10-4 

8 HP1BP3 WT 4.9 2.2x10-4 

9 PARP1 WT 3.3 2.9x10-4 

10 GAPDH WT 4.6 3.2x10-4 

11 RPL31 WT 1.5 3.2x10-4 

12 SRP14 WT 2.8 3.3x10-4 

13 DHX9 WT 6.4 3.3x10-4 

14 TOP1 WT 5.2 3.3x10-4 

15 RPL35 WT 2.1 4.4x10-4 

16 DDX27 WT 2.6 6.1x10-4 

17 H1-0 WT 3.0 6.9x10-4 

18 CIZ1 WT 1.3 9.9x10-4 

19 LUC7L2 WT 1.4 1.1x10-3 

20 BRIX1 WT 2.9 1.1x10-3 

21 RBMX WT 2.5 1.2x10-3 

22 RPL15 WT 3.5 1.2x10-3 

23 RPS26 WT 1.5 1.3x10-3 

24 RBM28 WT 1.8 1.3x10-3 

25 H1-5 WT 2.5 1.5x10-3 

26 H1-10 WT 2.2 1.6x10-3 

27 RPS8 WT 2.5 1.6x10-3 

28 TFAM WT 1.4 1.9x10-3 

29 RPL11 WT 1.6 2.1x10-3 

30 PDCD11 WT 1.7 2.5x10-3 

31 HSPA1B WT 1.4 3.6x10-3 

32 RPL3 WT 2.5 4.4x10-3 

33 NOP58 WT 1.8 4.4x10-3 

34 RPL18 WT 2.6 4.4x10-3 

35 RPS7 WT 1.5 4.8x10-3 

36 SRP72 WT 1.4 4.9x10-3 

37 RPL19 WT 3.7 4.9x10-3 

38 COPA B 2.2 1.9x10-4 

39 TUBB B 1.7 7.6x10-4 

40 RRP1B B 1.4 1.3x10-3 

41 TUBB6 B 1.5 1.6x10-3 

42 DDX1 B 1.9 2.0x10-3 

43 RPS11 B 1.4 3.6x10-3 

44 DDX24 B 1.5 3.9x10-3 

45 GSTM3 B (pGEX, appendix C) 1.9 7.3x10-4 

46 LANCL1 B (pGEX, appendix C) 1.7 1.1x10-3 

47 GSTM1 B (pGEX, appendix C) 1.7 3.1x10-3 
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Number Name Highest mean condition Fold change t-test q value 

48 H2BC11 WT (q>0.005) 1.7 5.4x10-3 

49 BSG WT (q>0.005) 3.9 5.5x10-3 

50 RPL30 WT (q>0.005) 2.8 5.8x10-3 

51 HNRNPC WT (q>0.005) 2.4 6.0x10-3 

52 RPL7 WT (q>0.005) 2.2 6.0x10-3 

53 SLC25A5 WT (q>0.005) 2.0 6.1x10-3 

54 SMARCA5 WT (q>0.005) 1.8 6.1x10-3 

55 H2BC18 WT (q>0.005) 1.6 6.8x10-3 

56 RPS18 WT (q>0.005) 2.4 7.0x10-3 

57 RPS2 WT (q>0.005) 1.6 9.9x10-3 

58 RPL23A WT (q>0.005) 1.6 1.0x10-2 

59 DNAJC9 WT (q>0.005) 1.4 1.2x10-2 

60 RPS3A WT (q>0.005) 1.4 1.2x10-2 

61 XRCC5 WT (q>0.005) 1.5 1.3x10-2 

62 TOP2A WT (q>0.005) 2.4 1.5x10-2 

63 H1-1 WT (q>0.005) 3.6 1.5x10-2 

64 RPS6 WT (q>0.005) 1.4 1.6x10-2 

65 DDX18 WT (q>0.005) 1.2 2.1x10-2 

66 RACK1 WT (q>0.005) 1.9 2.1x10-2 

67 FBL WT (q>0.005) 1.1 2.2x10-2 

68 HSPA8 WT (q>0.005) 1.3 2.3x10-2 

69 EEF1B2 WT (q>0.005) 1.9 2.4x10-2 

70 RPS16 WT (q>0.005) 1.5 2.4x10-2 

71 RPSA WT (q>0.005) 1.7 2.5x10-2 

72 HNRNPU WT (q>0.005) 2.1 3.1x10-2 

73 NCL WT (q>0.005) 2.4 3.4x10-2 

74 SLTM WT (q>0.005) 1.2 3.4x10-2 

75 RPLP0 WT (q>0.005) 1.6 3.8x10-2 

76 RPS5 WT (q>0.005) 2.1 3.8x10-2 

77 BAZ1B WT (q>0.005) 1.6 3.9x10-2 

78 RPS3 WT (q>0.005) 1.4 4.0x10-2 

79 NOP56 WT (q>0.005) 1.2 4.0x10-2 

80 SSRP1 WT (q>0.005) 1.5 4.1x10-2 

81 SUPT16H WT (q>0.005) 1.4 4.2x10-2 

82 RPS13 WT (q>0.005) 1.3 4.4x10-2 

83 RPL7A WT (q>0.005) 1.3 4.7x10-2 

84 SRSF2 WT (q>0.005) 1.5 5.4x10-2 

85 MACROH2A1 WT (q>0.005) 1.4 6.2x10-2 

86 RPS19 WT (q>0.005) 1.4 6.7x10-2 

87 RPS14 WT (q>0.005) 1.1 7.5x10-2 

88 SRSF1 WT (q>0.005) 1.2 9.2x10-2 

89 XRCC6 WT (q>0.005) 1.1 9.9x10-2 

90 RPS27 WT (q>0.005) 1.3 1.1x10-1 

91 GNL3 WT (q>0.005) 1.2 1.2x10-1 

92 RPS4X WT (q>0.005) 1.1 1.3x10-1 

93 H2AZ1 WT (q>0.005) 1.2 1.4x10-1 

94 H4C11 WT (q>0.005) 1.2 1.4x10-1 

95 MYBBP1A WT (q>0.005) 1.1 1.5x10-1 

96 CSNK2A3 WT (q>0.005) 1.1 1.6x10-1 

97 RBM39 WT (q>0.005) 1.1 1.7x10-1 

98 H3C13 WT (q>0.005) 1.1 1.9x10-1 

99 NIFK WT (q>0.005) 1.1 2.0x10-1 

100 DDX56 WT (q>0.005) 1.1 2.8x10-1 

101 SPATS2L WT (q>0.005) 1.0 3.5x10-1 

102 RPS15A B (q>0.005) 1.4 5.5x10-3 

103 FAM98A B (q>0.005) 1.3 6.8x10-3 

104 SAFB2 B (q>0.005) 1.3 6.9x10-3 

105 RTCB B (q>0.005) 1.3 7.0x10-3 

106 REXO4 B (q>0.005) 1.2 1.4x10-2 
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Number Name Highest mean condition Fold change t-test q value 

107 TUBA1C B (q>0.005) 1.2 1.9x10-2 

108 RTRAF B (q>0.005) 1.2 3.5x10-2 

109 EEF1G B (q>0.005) 1.2 3.6x10-2 

110 RPS9 B (q>0.005) 1.2 4.6x10-2 

111 GPATCH4 B (q>0.005) 1.2 5.3x10-2 

112 KNOP1 B (q>0.005) 1.1 5.5x10-2 

113 RPL17 B (q>0.005) 1.2 6.2x10-2 

114 RPS24 B (q>0.005) 1.2 9.0x10-2 

115 RPL13 B (q>0.005) 1.2 1.3x10-1 

116 RBM34 B (q>0.005) 1.3 1.3x10-1 

117 CBR1 B (q>0.005) 1.1 1.4x10-1 

118 NAT10 B (q>0.005) 1.1 1.6x10-1 

119 RPL10 B (q>0.005) 1.1 1.6x10-1 

120 SRSF10 B (q>0.005) 1.4 1.8x10-1 

121 GSTP1 B (q>0.005) 1.1 2.3x10-1 

122 MKI67 B (q>0.005) 1.1 2.3x10-1 

123 RPLP2 B (q>0.005) 1.0 2.7x10-1 

124 DIMT1 B (q>0.005) 1.0 2.9x10-1 

125 CSNK2A2 B (q>0.005) 1.1 2.9x10-1 

126 HSPA9 B (q>0.005) 1.0 2.9x10-1 

127 ACTB B (q>0.005) 1.1 3.0x10-1 

128 RPL4 B (q>0.005) 1.4 3.0x10-1 

129 PRKDC B (q>0.005) 1.0 3.0x10-1 

130 SAFB B (q>0.005) 1.0 3.1x10-1 

131 TUBA4A B (q>0.005) 1.1 3.1x10-1 

132 RPL13A B (q>0.005) 1.0 3.3x10-1 

133 NUMA1 B (q>0.005) 1.0 3.4x10-1 
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Abbreviations 

AcD Acidic domain 

AD Anchor domain 

ANOVA Analysis of variance 

APC/C Anaphase promoting complex/cyclosome 

AURKB Aurora kinase B 

BRCA1 Breast cancer type 1 susceptibility protein 

BSA Bovine serum albumin 

°C Degrees centigrade 

CDK Cyclin dependent kinase 

CIZ1 Cip1-interacing zinc finger protein 1 

CSK Cytoskeletal buffer 

DAPI 4′,6-diamidino-2-phenylindole 

DDR DNA damage response 

DIG Digoxigenin 

DLC1 Dynein light chain 

DMEM Dulbecco's Modified Eagle Medium 

DN Dominant negative 

DNA Deoxyribonucleic acid 

DNase Deoxyribonuclease 

DNMT DNA methyltransferase 

DSB Double stranded break 

DTT Dithiothreitol 

DUB Deubiquitinase 

eCIZ1 Embryonic CIZ1 

EDTA Ethylenediaminetetraacetic acid 

EdU 5-ethynyl-2’-deoxyuridine 

EMSA Electrophoretic mobility shift assay 

EMT Epithelial mesenchymal transition 

ESR1/ESRα Oestrogen receptor alpha 

FC Fold change 

G0 Quiescence 

G1 phase Growth 1 phase 

G2 phase Growth 2 phase 

GFP Green fluorescent protein 

H1 Linker histone 1 

H2A,2B,3,4 Core histone 2A, 2B, 3 and 4 

H2AK119ub1 Ubiquitination of histone H2A at lysine 119 

H3K27me3 Tri-methylation of histone H3 at lysine 27 

H3S10 Histone 3 serine 10 

H3S28 Histone 3 serine 28 

HDAC Histone deacetylase 

HEKs Human embryonic kidney cells 

HMEC Human mammary epithelial cells 

hnRNP Heterogeneous nuclear ribonucleoprotein 

HP1 Heterochromatin protein 1 
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kDa Kilodalton 

LLPS Liquid-liquid phase separation 

lncRNA Long non-coding RNAs 

M phase Mitosis 

MARs Matrix attachment regions 

MH3 Matrin 3-homologous domain 3 

MS Mass spectrometry 

NLS Nuclear localisation sequence 

p53 Tumour protein 53 

PBS Phosphate buffered saline 

PEF Primary embryonic fibroblast 

PFA Paraformaldehyde 

PIPES  Piperazine-N,N’bis(2-ethanesulfonic acid) 

PLD Prion like domain 

PMSF Phenylmethanesulfonylfluoride 

polyQ Polyglutamine 

PP1/2A Protein phosphatase 1 and 2A 

pRb Retinoblastoma protein 

PRC1/2 Polycomb repressive complex 1/2 

PSG Penicillin streptomycin glutamine 

PTM Post-translational modification 

qRT-PCR Quantitative reverse transcription polymerase chain reaction 

RD Replication domain 

RNA Ribonucleic acid 

RNA pol II RNA polymerase II 

RNase Ribonuclease 

ROS Reactive oxygen species 

RRM RNA recognition motif 

rRNA Ribosomal RNA 

S phase DNA synthesis phase 

S/MARs Collective term for SARs and MARs 

SARs Scaffold attachment regions 

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SEC Size exclusion chromatography 

SEC-MALLs Size exclusion chromatography multiple angle laser light scattering 

SEM Standard error of the mean 

TAD Transactivation domain 

TCGA The Cancer Genome Atlas 

TP53 Tumour protein 53 

TSS Transcription start site 

UT Untransfected 

WT Wild type 

Xa Active X chromosome 

Xi Inactive X chromosome 

XIC X-inactivation centre 

Xist X-inactive specific transcript 

ZF Zinc finger 
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