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Abstract

Cipl-interacting zinc finger protein 1 (ClZ1) 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, | 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 ClZ1 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 ClZ1 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. | 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.

Cipl-interacting zinc finger protein 1 (ClZ1), 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 ClZ1 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, | 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 ClZ1
expression that has been observed to date.
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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 GO. In this
state cells are referred to as quiescent cells and include adult stem cells, lymphocytes,

hepatocytes and oocytes (Marescal and Cheeseman, 2020).

* = checkpoint
Mitosis
| Interphase

GO exit

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.

Prophase Prometaphase Metaphase

' 5 “ t—'w
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DNA
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=== Microtubules

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 (CDKSs), 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/CDKA4/6 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 | 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/ICDK2 is implicated in the pathway that downregulates checkpoint kinase 1
(Chkl), thus allowing entry to mitosis (Oakes et al., 2014), and a cyclin A/ICDK1
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,
Cipl-interacting zinc finger protein 1 (ClZ1) has been suggested to be modulating the
repressive role p21 plays in cell cycle progression, by interacting with p21 and facilitating
ClZ1/p21 complex sequestering in the cytoplasm (Mitsui et al., 1999). Thus, upstream
regulators of p21, including p53 and ClZ1, are crucial to facilitate correct control over the
cell cycle. Therefore, in instances where p53 or ClZ1 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 GO, 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 GO 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. ClZ1 structure and normal function

ClIZ1 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
ClZ1 to the nuclear matrix (NM) (Ainscough et al., 2007). The diagram below (Figure
1.4) shows the domains contained in ClZ1, and features that facilitate its involvement in

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

A. Full length murine CIZ1 (UniProt Q8EVHZ2). 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 ClZ1 (eClZ1) 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 eClZ1 used to identify ClZ1
cyclin binding sites (Copeland et al., 2010).

E. C-terminal fragment used to measure ClZ1 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 23/5 of the following residues) (Robbins et al., 1991) located
within the third zinc finger of C1Z1 (Figure 1.4A). Mutation of the N-terminal NLS in murine
ClIZ1 (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 etal., 2022). However, the retained ability for ClZ1 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 (eClZ1) (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 ClZ1
RD directly, but instead interacts via the cyclins (Copeland et al., 2010).

24



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 ClZ1 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 AICDK2 complexes, but
when kinase levels rise and it is phosphorylated it no longer interacts with cyclin A/CDK?2
(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, butin human CIZ1 PLD2 is longer and subject to more complex
alternative splicing. ClZ1’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. ClZ1 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 ClZ1 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 (luchi, 2001). This suggestion aligns with ClZ1 when
considering the multivalent interactions described in Sofi et al., and could be one of the

driving interactions for ClZ1 NM anchorage.

Early work that first identified ClZ1 as a novel interactor with p21/Cipl, 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. ClZ1 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).
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Figure 1.5. Disorder prediction of human CiZ1

Predicted areas of disorder in human full length ClZ1 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 ClZ1 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. Itis a Ul-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 ClZ1 fragment referred to as 1122 (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 ClZ1 AD function, and is investigated in Chapter 3.
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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 