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Abstract

CDCAT (Cell Division Cycle Associated Protein 7) is a transcription factor protein that binds to
DNA and histone modifying enzymes supporting DNA methylation and contributes to repair of
double stranded breaks in DNA. Mutations of the cdca7 gene cause ICF (Immunodeficiency,
centromeric instability, and facial abnormalities) syndrome. CDCAY has been shown to bind
with HELLS (Helicase, lymphoid specific) as a bipartite nucleosome remodeller to allow for de
novo methylation by DNMT3b (DNA methyl transferase 3b). Additionally, CDCA7 associates

with Ku70 and Ku80, proteins essential for DNA damage repair via the Non-Homologous End

Joining (NHEJ) pathway, and y-H2AX, whose accumulation is facilitated by Ku proteins and is a

biomarker of DNA damage. | show here that CDCAY7 requires a putative leucine zipper for

association with HELLS, while the binding of 14-3-3 at a phosphorylated residue in CDCA7

regulates Ku70/80 and y-H2AX association. This study further elucidates the mechanism of how

CDCAT7 plays a crucial role in maintaining genomic stability by participating in various DNA

repair processes and DNA methylation.
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Chapter 1: Introduction and Research Objectives

Cancer.

Cancer is a debilitating disease characterized by cells acquiring genetic mutations
resulting in dysregulated growth and metastasis. Cancer is the second most common cause of
death in children and adults in the world (Mattiuzzi et al., 2019). Its epidemiology, pathology,
and morphology, usually resembling the original mutated tissue, has been studied immensely
(Barletta, 2014; Miwa et al., 2023; Tomoka et al., 2018). Advances in cancer detection has
allowed for diagnosis and identification of specific types and stages to predict prognoses and
different treatment outcomes (Carriaga et al., 1995; Mobadersany et al., 2018; Woo et al., 2022;
Avery et al., 2022). However, the underlying molecular basis and origins of various cancer types
is complex. Even though cancers present morphologically similar in the same tissue types, the
underlying cause can be different. Investigating the basis of different cancer genetics as well as
epigenetics will allow for improved treatments and outcomes to specific cancers.

Signaling pathways critical for human development contain many components including
tumour suppressors and oncogenes, genes that are required for regular cell division and
maintenance but are genetically modified in cancer. Elucidating these key components is key to
understanding the molecular basis of cancers. The Wnt, TFGB, Notch, and RTK pathways
among others contain many signaling proteins. These proteins include but are not limited to
genes such as Ras, p53, and Myc that are genetically mutated as either overstimulated or show
diminished activity in a multitude of cancers and provide a heterogeneous molecular basis for
cancers that look similar histologically and pathologically (Malone et al., 2020). These genes are

critical for cell cycle control and progression from one stage of the cell cycle to the next, and



when they are disrupted or misregulated, cause cancer (Kumar et al., 2023). Genomic profiles
using microarray technologies correlate with vastly studied pathological and epidemiological
studies of cancers and may provide a route to understand the molecular and genetic basis of

different cancers (Gilbertson, 2011; Malone et al., 2020).

PI3K/AKT Pathway.

The PIBK/AKT/MTOR (Phosphatidylinositol 3-kinase/protein kinase B/mechanistic
target of rapamycin) pathway is a transduction cell signaling pathway in the human cell
(Hemmings et al., 2012; Gill et al., 2013). This pathway is critical for growth, apoptosis,
maintenance, proliferation, cell cycle progression, apoptosis and inhibition, and other regulatory
cell processes (Hemmings et al., 2012). It is particularly involved in regulation, growth, and
differentiation of adult stem cells. Overexpression of growth factor stimulants or mutation of
components of this pathway results in various cancers (Liang et al., 2003). Several inhibitors of
components of this pathway have been supported by the FDA and dozens of proteins in this
pathway have been assessed in clinical trials and applied as anticancer agents (Li et al., 2022).

In the PI3K pathway, growth factors or oncogenes such as the insulin receptor tyrosine
kinase (InsR), the related insulin-like growth factor 1 receptor (IGF-1R), Epidermal growth
factor (EGF), or Platelet-derived growth factor receptors (PDGF-R), bind to receptor tyrosine
kinases (RTKSs) that dimerize and autophosphorylate themselves at their cytoplasmic domains,
causing a cell-signaling cascade (Gill et al., 2013; Hemmings et al., 2012; Li et al., 2022). These
phosphorylated residues recruit PI3K to the cell membrane, converting phosphatidylinositol-4,5-
biphosphase (PIP2) to phosphatidylinositol-3,4,5-triphosphase (PIP3) (Hemmings et al., 2012;
Gill et al., 2013). PIP3 recruits phosphoinositide-dependent kinase 1 (PDK1) (Hemmings et al.,

2012; Gill et al., 2013).



Recruitment of AKT to the plasma membrane by PIP3 leads to its phosphorylation on
two key sites, Thr308 in AKT’s activation loop by PDK1 and Ser473 in the regulatory C-tail by
MTORC?2 (Alessi et al., 1997). The Thr308 and Ser473 phosphorylation events (pT308 and
pS473) stimulate Akt kinase activity by relieving autoinhibition (Manning et al., 2017).
Activated AKT then translocates to the nucleus and phosphorylates target proteins (Cohen et al.,

1997).

AKT.,

The ser/thr protein kinase AKT is involved in many of the biological effects of the PI3K
pathway including cell proliferation, survival, and cellular responses to insulin and nutrients.
Mutated oncogene AKT is frequently hyperactivated in human cancers and is therefore a
potential anticancer and therapeutic target as a downstream target of the PI3K pathway (Bae et
al., 2022; Li et al., 2022). AKT phosphorylates its substrates at serine/threonine residues residing
in the consensus motif RXRXXS/T. Phosphorylation and dephosphorylation of AKT regulates
AKT-dependent behaviour and subsequent affects (Lorusso et al., 2016). AKT regulates MYC,

an important tumour suppressor.

MYC.

A protooncogene myelocytomatosis (Myc) gene, known as cellular-Myc (c-Myc)
encodes the Myc protein. MY C is a transcription factor highly regulated by various epigenetic
factors and pathways and is implicated in more than 70% of known cancers. MY C is known to
participate in various cellular processes such as cytoskeletal regulation, DNA replication, DNA

transcription, protein synthesis, angiogenesis, immune response, cell metabolism, cell growth,



and apoptosis (Dang et al., 2012). In non-cancerous cells, MYC expression is activated by
growth factors through activation of enhancers.

The MY C protein, whose translation is enhanced by activated mTOR, a component of the
PI3K pathway, dimerizes with transcription factor MAX through a basic helix loop helix domain
to form a heterodimer (Blackwood et al., 1991). This complex then binds directly to DNA and
activates transcription of genes containing high affinity E-boxes. Upon nutrient shortage or
hypoxia, MYC translation, protein stability, and MYC/MAX dimerization is inhibited. As a
downstream target of AKT, FOXO3a proteins counteract MY C activation (Amati et al., 1993;
Coller et al., 2000; Dang et al., 2012).

Microarray analysis was used to identify novel targets of MYC, however their function
remains to be understood (Dang et al., 2012). Candidate genes were subjected to chromatin
immunoprecipitation (ChlP) to determine which gene promoters were enriched with MYC. 89
genes were identified, and 27 of those were of unknown function. The most differentially

expressed gene was named JP01 (Prescott et al., 2001).

CDCAY.

CDCA7Y was originally discovered as JPO1 as a direct target gene of MY C that does not
require an intermediate protein (Prescott et al., 2001), and is a downstream target of the PI3K
(Phosphatidylinositol 3-kinase) pathway (Figure 2.1.). The nomenclature committee adopted the
name of CDCAY for JP01 since its expression peaks around the G1/S transition of the cell cycle
and will be referred to as CDCAZ7 hereafter (Whitfield, et al., 2002).

The CDCAT (Cell division cycle associated protein 7) gene consists of nine exons
encoding a 47 kilo-Dalton (kDa) and 371 amino acid protein shown in Figure 2.1 (Gill et al.,

2013). The expressed protein contains a putative N-terminal Leucine Zipper domain, a Nuclear



Localization Site, a highly acidic “E” region, and a C-terminal domain containing four CXXC-
type zinc finger motifs known as the Zinc Finger domain (Gill et al., 2013). The nuclear
localization site is bound by 14-3-3 when CDCAY is phosphorylated by AKT (Gill et al., 2013).
The “E region” of CDCAY7 is critical for interaction with the microtubule spindle assembly
protein TPX2 (Pariel, et al., 2018). The C-terminal domain containing a “Zinc Finger” is
necessary for CDCAY to bind to DNA, and is common to transcription factors (Laity et al.,
2001). The N-terminal domain contains a coiled coil leucine region with multiple leucines or
isoleucines spaced at 7 amino acids intervals through an alpha helix, suggesting the ability for
CDCA7 to homo or heterodimerize (O’Neil et al., 1990). This gene was observed as
participating in c-Myc responsive neoplastic transformation and tumorigenesis in Ratla cells
(Prescott et al., 2001).

CDCAT7 is a gene involved in causing tumorigenesis through various cell signaling
pathways. It has been implicated in many cancers including but not limited to esophageal
squamous cell carcinoma, hepatocellular carcinoma, and ovarian cancer (Li et al., 2023; Tian et
al., 2023; Cai et al., 2021). This novel target offers a promising avenue for therapeutically

addressing distinct cancer types.

14-3-3 Adapter Proteins.

14-3-3 adapter protein is a 30 kDa protein involved in protein trafficking, cell-cycle
control, apoptosis, autophagy and other cell signal transduction pathways, as well as innate
immunity and viral infection. These proteins are highly conserved in mammals, and there are 7
subtypes ((o/B, v, €, M, 0, T [also called 0] and {/d)) (Chaudri et al., 2003). The N-terminal domain
binds to membranes, while the C-terminal domain binds to other proteins (Fu et al., 2000).

Several hundred proteins have been identified as binding to 14-3-3 adapter proteins. (Ballone et



al., 2018). Their recognition sequences are diverse, indicating their diverse role in the cell,
however most ligands have conserved phosphorylated serine (Ser)/threonine (Thr) sequence
motifs (Coblitz et al., 2006).

The 14-3-3 phospho adapter proteins have many different capabilities. They can regulate
transcription factors in cell cycle, for example FOXO. FOXO is a transcription factor belonging
to the forkhead family with characteristic pterygoid spiral DNA-binding domains (Kloet et al.,
2015). The PI3K/AKT pathway is the main upstream pathway that regulates FOXO1. Binding of
FOXO to 14-3-3 results in loss of FOXO’s transcriptional activity and its role in regulating the
cell cycle (Tzivion et al., 2011).

Furthermore, 14-3-3 proteins can control cell division related proteins’ activity. For
example, they bind to cell division cycle 25A (CDC25A) at Ser178 and Thr507, which are
phosphorylated by CHKZ1 to block the interaction between CDC25A and cyclin-dependent
kinase 2 (CDK?2), and then retard entry of cells into S phase (Furnari et al., 1997).

Additionally, 14-3-3 proteins regulate nuclear—cytoplasm protein shuttling. The nuclear
export signal is highly conserved in 14-3-3 sequences. Binding with 14-3-3 proteins will hide the
nuclear localization sequence (NLS) in the ligands and then regulate their function (Liu et al.,
2021). For example, Caspase-2 is an apical protease involved in proteolysis of the cell substrate
and is directly involved in the apoptosis signaling cascade, and is the only known caspase to
shuttle through the nucleus, and this shuttling is facilitated by 14-3-3 (Kalabova et al., 2017).
When Caspase-2 is phosphorylated, its NLS signal is obscured by its rigid binding by 14-3-3 and
prevents Caspase-2 activity (Kalabova et al., 2017).

These are just some of the many examples of how 14-3-3 functions to control and

regulate various processes in the cell by binding with various factors to regulate their activity.



This published literature describing the role of 14-3-3 binding to phosphorylated Serine or
Threonine sites to regulate the cell cycle and activity of cell division related proteins, membrane
trafficking of various proteins, and regulate transcription factor activity led to the investigation of

potential interaction with CDCA7, a cell division cycle associated transcription factor protein.

AKT and 14-3-3 regulate CDCAY interaction with MYC.

The MY C binding region on CDCA7 was mapped to Threonine 163 on CDCA7 and was
established as critical for CDCA7-MY C mediated apoptosis (Gill et al., 2013). Knockdown of
CDCAT rescued cells from MY C-dependent apoptosis following removal from serum (Gill et al.,
2013). Using immunoprecipitation experiments, it was determined expressed CDCA7
coimmunoprecipitates with endogenous 14-3-3 when phosphorylated at this same T163 site by
AKT. These results indicated a feed-forward loop; MY C activation upregulates CDCA7, with
AKT phosphorylation activity controlling the accessibility of CDCA7 to nuclear MYC via 14-3-
3 binding to phosphorylated T163 on CDCA7 (Gill et al., 2013).

MY C binds to CDCAY in the nucleus at the threonine 163 site. When the PI3K pathway
is activated and AKT translocates into the cell phosphorylating CDCA7 at T163, CDCA7 is
bound by 14-3-3 masking CDCA7’s NLS (nuclear localization signal). CDCAZ7 is sequestered by
14-3-3 from the nucleus to the cytoplasm, and therefore disassociated from MY C (Johnson et al.,
2010; Gill et al., 2013). This AKT phosphorylation T163 site of CDCA7 therefore regulates
MY C-dependent apoptosis and determines whether CDCA7 will bind to MYC or to 14-3-3,
regulating its transcriptional activity at the level of the nucleus and MY C-dependent apoptosis

(Gill et al., 2013). MYC activation upregulates CDCA7, with AKT phosphorylation activity
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Figure 1.1. The PI3K (Phosphatidylinositol 3-kinase) pathway is a transduction cell signaling pathway.
This pathway is critical for growth, apoptosis, maintenance, proliferation, and other regulatory cell processes,
and disruptions of this pathway result in cancers (Hemmings et al., 2012). In the PI13K pathway, growth
factors bind to receptor tyrosine kinases (RTKSs) that dimerize and autophosphorylate themselves at their
cytoplasmic domains, causing a cell-signaling cascade (Gill et al., 2013; Hemmings et al., 2012). These
phosphorylated residues recruit PI3K to the cell membrane, converting phosphatidylinositol-4,5-biphosphase
(PIP2) to phosphatidylinositol-3,4,5-triphosphase (PIP3) (Hemmings et al., 2012; Gill et al., 2013). PIP3
recruits phosphoinositide-dependent kinase 1 (PDK1) activating AKT (Hemmings et al., 2012; Gill et al.,
2013). Activated AKT then translocates to the nucleus and phosphorylates target proteins, including CDCA7
(Cohen et al., 1997; Gill et al., 2013).MYC, an important transcription factor and proto-oncogene, binds to
CDCATY in the nucleus at the threonine 163 site, but when the PI3K pathway is activated and AKT
translocates into the cell phosphorylating CDCA7 at T163, CDCA7 and MYC disassociate (Gill et al., 2013).
Phosphorylated CDCAY7 is instead bound at the phosphorylated T163 site by 14-3-3 masking CDCA7’s NLS
(nuclear localization signal), resulting in the translocation of CDCA?7 from the nucleus to the cytoplasm
(Johnson et al., 2010; Gill et al., 2013). This AKT phosphorylation T163 site of CDCA?7 therefore regulates
MY C-dependent apoptosis and determines whether CDCA7 will bind to MYC or to 14-3-3 (Gill et al., 2013).



controlling the accessibility of CDCA7 to nuclear MY C via 14-3-3 binding to phosphorylated

T163 on CDCAY (Gill et al., 2013) (Figure 1).

ZBTB24.

CDCAT7 is transcriptionally regulated by ZBTB24. ZBTB24 encodes a protein with a
BTB (Broad-Complex, Tramtrack and Bric A Brac) domain, an AT hook, and eight C2H2-type
zinc finger motifs (Unoki et al., 2019). A ZBTB24 BTB domain deletion mouse showed loss of
functional ZBTB24 leads to early embryonic lethality (Wu et al., 2016). Cdca7 was identified as
the most negatively regulated gene in Zbtb24 homozygous mutant mESCs. ZBTB24 was
enriched at the CDCA7 promoter showing ZBTB24 functions as a transcription factor directly
controlling Cdca7 expression (Wu et al., 2016). Further experiments showed ZBTB24 binds to
the 12-bp consensus sequence [CT(G/T)CCAGGACCT] at the CDCA7 promoter to
transcriptionally activate CDCA7 (Ren et al., 2019). This illustrates the relationship between
ZBTB24 and CDCAY7, and how it is defective in ICF syndrome. An additional protein mutated in

ICF syndrome is HELLS.

HELLS.

CDCAT recruits HELLS to chromatin to allow for methylation of the genome (Jennes et
al., 2018). The HELLS (helicase, lymphoid specific) gene encodes an approximately 95 kDa
protein. Four important domains include an N-terminal coiled coil region at amino acids 30-115,
helicase ATP binding domain at amino acids 235-403, a DEAH box motif at aa’s 354-357, and a
C-terminal Helicase domain at amino acids 603-767. It functions as a helicase and Snf2-like
ATP -dependent chromatin remodeling enzyme that interacts with DNMT3b to open histone H1-

containing heterochromatin (Kollarovic et al., 2020).



HELLS is a SNF2 ATPase family protein, required for de novo DNA methylation of
repetitive elements and developmentally programmed genes through interaction with DNMT3b
(Zhu et al., 2006). HELLS also promotes the efficient repair of DNA double-strand breaks
(DSBs) (Burrage et al., 2012). Murine embryonic fibroblasts with a HELLS mutation display
excessive numbers of centrosomes and abnormal mitosis, and mouse mutants homozygous for a
HELLS deletion die soon after birth while their hematopoietic cells poorly contribute to T and B
cells in recipient mice (Fan et al., 2003; Geiman et al., 2001).

The literature describes how ZBTB24, CDCA7 and HELLS work together to allow for de
novo methylation by DNMT3b. ZBTB24 binds to the promoter of CDCA7 and transcriptionally
regulates CDCA7 (Ren et al., 2019; Wu et al., 2016). CDCA7 in turn recruits HELLS, and
secondly, CDCAY7 acts to stimulate HELLS ATP dependent nucleosome remodeling activity.
CDCAT and HELLS together act as a bipartite nucleosome remodeling complex (Jenness et al.,
2018). This allows for recruitment of and de novo methylation by DNMT3b at centromeric and
pericentromeric repeats to provide genome stability and prevent multiradial breaks and abnormal
chromosome configurations as demonstrated in ICF syndrome (Ren et al., 2019; Thijssen et al.,

2015; Toubiana et al., 2018; Jenness et al., 2018).

ICF Syndrome.

ICF (immunodeficiency, centromeric instability, and facial abnormality) syndrome is a
rare autosomal recessive disease characterized by facial dysmorphism, recurrent infections,
centromeric instability and hypomethylation (Ehrlich et al., 2006; Unoki et al., 2019).

This disease is associated with immunodeficiency; ICF patients possess naive B cells but lack

mature B cells in the peripheral blood (Blanco-betancourt et al., 2004). Serum levels of I1gG,

10
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Figure 1.2. CDCA7, an important transcription factor, and HELLS, helicase lymphoid specific,
SWI/snf chromatin remodeler, work together as a bipartite nucleosome remodeling complex to allow
for de novo methylation by DNMT3b. This allows for epigenetic regulation of genes during embryonic
development and provides stability to centromeric and pericentromeric regions of chromosomes. This
process is misregulated when CDCA7 and HELLS are mutated causing ICF (Immunodeficiency,
centromeric instability, and facial anomalies) syndromes type 3 and 4, respectively. (Adapted from Jenness
etal., 2018).
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IgM, IgE, and/or IgA are low, although the type of immunoglobulin deficiency is variable.
Recurrent infections are the presenting symptom, usually in early childhood. Other variable
symptoms of this probably under-diagnosed syndrome include mild facial dysmorphism, growth
retardation, failure to thrive, and psychomotor retardation (Ehrlich et al., 2006; Unoki et al.,
2019).

At the cellular level, this syndrome expresses centromeric instability manifesting as
stretched heterochromatin, chromosome breaks, and multiradial configurations involving the
centromeric regions of chromosomes 1, 9, and 16 in activated lymphocytes (Maraschio et al.,
1988). ICF always involves limited hypomethylation of DNA (Ehrlich et al., 2006; Unoki et al.,
2019).

This disease is associated with mutations in DNMT3b (DNA methyl transferase 3 b) in
ICF1, ZBTB24 in ICF2, HELLS in ICF3, in CDCAY in ICF4, and an unknown genetic basis for
ICFX respectively (Thijssen et al., 2015; de Greef et al., 2011). In ICF type 1, DNMT3b is
mutated, and in ICF1 cells, a phenotype of CG hypomethylation is observed in pericentromeric
repeats and subtelomeric regions. In the remaining identified types of 2, 3, 4, and unidentified X,
ICF patients show hypomethylation in pericentromeric repeats and centromeric a-satellite
repeats, but not in subtelomeric regions (Jiang et al., 2005; Toubiana et al., 2018). These
subtelomeric expanses are often abnormally short and susceptible to DNA damage (Smeets et al.,
1994; Unoki et al., 2016; Sagie et al., 2017). The ways in which these genes relate to each other
and are defective in ICF syndrome resulting in their phenotypes demonstrate their dependent
relationship and how they ultimately facilitate de novo methylation by DNMT3b and their critical

role in providing genome stability and gene regulation.
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Epigenetics and Methylation.

Epigenetics is the study of heritable changes in gene activity or function that is not
associated with any change of the DNA sequence itself (Moore et al., 2013). Any external post-
translational modification (PTM) that does not involve a deletion, insertion, translocation, or
substitution to the actual gene itself is an epigenetic affect. These include PTM’s such as
phosphorylation and methylation. PTM’s are critical in regulatory proteins in cellular processes
such as localization, activity, and protein-protein interactions. When these PTM’s malfunction or
are not present, this results in disease phenotypes (Moore et al., 2013; Wang et al., 2017).

One example is phosphorylation, which plays a critical role in many biological processes.
Phosphorylation is the addition of a phosphate group by a kinase to a molecule or protein.
Proteins are most generally phosphorylated at a Tyrosine, Serine, or Threonine residue. Protein
kinases are characterized by their enzymatic ability to catalyze the phosphorylation reaction on
proteins. This phosphorylation potentially allows for interaction or binding of another protein, or
activates the activity of the phosphorylated protein (Hornbeck et al., 2015; Want et al., 2017).

In the genome, DNA methylation is an epigenetic mechanism catalyzed by a family of
DNA methyl transferases (DNMT’s). DNA methylation is essential for silencing retroviral
elements, regulating tissue-specific gene expression, genomic imprinting, and X chromosome
inactivation (Moore et al., 2013). Methylation is the process of transfer of an S-adenyl
methionine (SAM) onto the C5 position of the cytosine to form 5-methylcytosine (5mC).
DNMT3a and DNMT3b are known as “de novo” DNMT since they have the capacity to
establish new methylation patterns to unmodified DNA, while DNMT1 merely copies the
methylation pattern of the parental strand to the daughter strand during DNA replication. All

DNMT’s are intensively involved in embryonic development, and their expression falls and is

13



significantly reduced by terminal cell differentiation. This process is applied in the silencing of
genes temporally regulated during embryonic development (Compere et al., 1981). Genes that
are methylated are unable to be transcriptionally accessed. Importantly, DNA methylation in
different genomic regions may exert different influences on gene activities based on the
underlying genetic sequence.

When this process of methylation is misregulated, it results in the phenotype
characteristically seen in pathological states such as ICF syndrome and many cancers (Gill et al.,
2013; Jenness et al., 2018; Lakshminarasimhan et al., 2016). Recent next-generation sequencing
studies of cancer genomes have revealed frequent and recurrent mutations in a wide variety of
epigenetic modulators, including mediators of DNA methylation and genes encoding subunits of
chromatin remodelers (Shen et al., 2013). A cancer epigenome is marked by genome-wide
hypomethylation and site-specific CpG island promoter hypermethylation (Sharma et al., 2010).
This hypomethylation results in excessively activated regulatory proteins and has been
demonstrated in cancer types such as gastric cancer, colon cancer, and melanoma as well as ICF
syndrome (Wilson et al., 2007; Tuck-Muller et al., 2000). This hypomethylation typically occurs
at genomic sequences including repetitive elements, retrotransposons, CpG poor promoters,
introns and gene deserts, indicating the importance of methylation of these areas of the genome
(Rodriguez et al., 2006). A homozygous mutant DNMT3b knockout in mice is lethal in
embryogenesis, demonstrating its critical role in methylation processes (Okano et al., 1999).

Epigenetic mechanisms, such as DNA methylation, have been indicated to play roles in
the repair of DNA, such as in non-homologous end joining repair (NHEJ) of DNA double

stranded breaks (DSBs). Upon the induction of DNA damage, the chromatin structure unwinds

14



to allow access to enzymes to catalyze the repair (Fig. 3) (Mao et al., 2008; Fernandez et al.,

2021).

Double Stranded Breaks and DNA Repair.

Each of the cells within the human body experience many tens of thousands DNA lesions
per day (Lindahl et al., 2000). The cell is constantly undergoing complex physiological processes
that offer many opportunities for mismatch or aberrant DNA replication allowing for mutations
to be generated. Alternatively, DNA damage may be produced by reactive-oxygen compounds
arising as by-products from oxidative respiration or through redox-cycling events involving
environmental toxic agents and Fenton reactions mediated by heavy metals (Valko et al., 2006).
A single DSB can activate the DNA damage checkpoint, which delays cell cycle progression,
and a single DSB allowed to progress with no checkpoint in mitosis resulted in aneuploidy,
demonstrating the cell cycle checkpoint control’s critical role in the cell in preventing single
stranded breaks from happening (van den Berg et al., 2018). When single stranded breaks do
occur and enter close proximity to one another, these can cause less frequently occurring yet
extremely toxic double stranded breaks (DSBs) (Khanna et al., 2001).

DNA double-strand breaks (DSBs) are generated both extrinsically, for example, by
chemotherapeutic agents, and physiologically, for example, during V(D)J recombination in
developing B and T lymphocytes, and class switch recombination (CSR) in activated mature B
cells (Kumar et al., 2014; Alt et al., 2013). There are an estimated 10 DSBs per day in a cell, and
these pathological DSBs arise from ionizing radiation, reactive oxygen species, DNA replication
errors and inadvertent cleavage by nuclear enzymes (Chang et al., 2017). They can occur at the
termini of chromosomes due to defective metabolism of chromosome ends (telomeres). In

addition, DNA DSBs are generated to initiate recombination between homologous chromosomes
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during meiosis and occur as intermediates during developmentally regulated rearrangements,
such as V(D)J recombination and immunoglobulin class-switch recombination. Whereas these
programmed rearrangements are initiated by specific enzymes that generate DNA DSBs in the
target locus (the RAG1 and RAG2 proteins in V(D)J recombination, for example) the
recombination intermediates seem to be resolved by the same pathways that are used to repair
IR-induced DSBs (Khanna et al., 2001).

There are two distinctly identified yet complimentary mechanisms for DNA repair,
known as homologous recombination (HR) and non-homologous end-joining (NHEJ). Typically,
DSBs are prevented from direct ligation since they have two incompatible DNA ends due to

either chemical modifications or mismatching overhangs.

Homologous Recombination.

In homologous recombination, the DNA ends are first resected, a piece cut out while
retaining some part, in the 5' to 3’ direction by nucleases, enzymes that digest nucleic acids. The
resulting 3’ single-stranded tails then invade the DNA double helix of a homologous, undamaged
partner molecule, and are extended by the action of DNA polymerase, which copies information
from the partner. Following branch migration, the resulting DNA crossovers (Holliday junctions)

are resolved to yield two intact DNA molecules.

Non-homologous End-joining (NHEJ).

In contrast, NHEJ of two DNA ends does not require an undamaged partner and does not
rely on extensive homologies between the two overhanging ends. In this process, usually after
degradation at the termini, the two ends are ligated together (Khanna et al., 2001). Prior to

NHEJ, short regions of the 5" or 3’ overhangs by either exonuclease or endonuclease activity are
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Figure 1.3. Double stranded base repair by the NHEJ (Non-homologous end-joining) pathway. Ku70 and Ku80
proteins heterodimerize to form the Ku complex. The Ku proteins detect and bind to double stranded breaks of
DNA, protecting the exposed and vulnerable ends and facilitate a short resection of the DNA. They then recruit
and activate DNA PKc’s and other binding proteins that allow for accumulation of phosphorylation of Ser139
of Histone 2AX (y-H2AX), a marker of DNA damage. XRCC4 directs DNA ligase IV to ligate the DNA and
polymerization of new DNA. Images created using Biorender.
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resected to generate small regions of microhomology (<4 nucleotides) between the strands to
allow for successful ligation and “end-joining” (Chang et al., 2017).

The general process of NHEJ requires an organized resection, protection of exposed ends,
recruitment of polymerases to generate a new piece of DNA, and finally the ligation of the break.
Highly characteristic of NHEJ is the protection of the exposed ends by the binding of Ku70-
Ku80. Ku80 is critical in protecting the vulnerable ends of DNA exposed by a double stranded
break. When the cell perceives DNA damage in the form of a double stranded break, Ku80 and
Ku70 dimerize to recruit other NHEJ proteins to form DNA-PK (DNA-dependent protein kinase
catalytic subunit) complexes, member of the PI3K pathway, that bind to the DSB site. These
recruit X-ray cross-complementing protein 4 (XRCC4) and XRCC4-like factor (XLF), with
XRCCA4 recruiting DNA ligase 1V (L1G4) to ligate the double stranded DNA break (Williams et
al., 2014).

This DNA-PKGcs is recruited in complex with the endonuclease Artemis.
Autophosphorylation by DNA-PKGcs activates Artemis. This endonuclease is capable of cutting
multiple DNA substrates at the borders between single-strand and double-strand DNA (ss—
dsDNA) (Chang et al., 2017). Artemis has intrinsic 5’ exonuclease activity on ssDNA, even
without DNA-PKcs. Artemis has endonuclease activity when complexed with DNA-PKcs on
double stranded DNA on both the 5" and the 3' DNA overhangs. These types of overhangs are
often created at pathological DNA breaks and on DNA hairpins formed during V(D)J
recombination in immune development. Artemis is critical for forming this DNA hairpin opening
process during V(D)J recombination. Severe combined immunodeficiency (SCID) owing to a
V(D)J recombination defect in antigen receptor gene assembly is clearly observed in those

lacking Artemis (Moshuos et al., 2001; Ma et al., 2002). Excessive resection by Artemis
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endonuclease is prevented by the Ku80/Ku70 complex, part of the DNA-PKc’s, that protects the
exposed ends of the double stranded DNA (Chang et al., 2017).

DNA ligase IV and XRCC4 are the most central components of NHEJ in eukaryotes
(Leiber et al., 2010). This process of end resection and protection by the Artemis-DNA-PK
complexes allows for subsequent ligation by Ligase 1V-XRCC4 ending with DSB repair of DNA
(Mao et al., 2008; Fernandez et al., 2021). XLF is a 33 kDa protein with structural similarity to
XRCC4 (Dai et al., 2003). The N-terminal head domain of XLF interacts with the N-terminal
head domain of XRCC4. This XRCC4—XLF complex forms a “sleeve-like” structure around a
DNA duplex (Brouwer et al., 2016; Ahnesorg et al., 2006).

PAXX (paralogue of XRCC4 and XLF) is a 22 kDa protein whose C terminus (aa 199—
201) interacts with Ku, and PAXX mutants are more sensitive to ionizing radiation and DSB-
inducing agents (Ochi et al., 2015). The literature demonstrating DNA-PKC’s, Artemis, PAXX,
Ligase IV interact with Ku indicate its critical role in facilitating DNA damage repair by NHEJ

of DBSs.

Ku80.

Ku80 (also known as XRCC5) and Ku70 (also known as XRCC6), heterodimerize as the
Ku complex also known as Ku and bind to discontinuities in double-stranded (ds) DNA such as
double-strand breaks, single-strand gaps, and noncomplementary segments (Blier et al., 1993).
Eukaryotic Ku contains three distinctly identified domains: the Ku core that is conserved in
eukaryotes and prokaryotes; an N-terminal von Willebrand A domain; and the C-terminal helix—
extension—helix (HEH) domain (Aravind et al., 2001).

The Ku complex has many functional roles in various cell signaling processes. Ku is

required to initiate the cell signaling cascade that results in c-NHEJ by various protein-protein
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interactions culminating in ligation by DNA ligase IV activity stimulated by Ku (Gottlieb et al.,
1993; Ramsden et al., 1998). For the joining of two blunt DNA ends, Ku and XRCC4-DNA
ligase IV are sufficient, and the addition of other NHEJ proteins does not substantially improve
the joining, indicating the critical and powerful response of the Ku complex in repairing DNA
damage sites (Chang et al., 2017).

Ku80 has been shown by the literature to be critical for heterodimerization with Ku70 to
form the Ku complex, which subsequently recruits and activates the catalytic p350 subunit of the
DNA dependent protein kinase. In Ku80 null mouse lines, Ku70 mRNA is unaffected while
Ku70 protein expression levels are reduced in Ku80 null mice, and while the p350 catalytic
subunit protein expression was not affected, the capacity of p350 to bind to the exposed DNA
ends was impaired in mutants deficient in Ku80. However, introduction of human Ku80 into
Ku80 null mice lead to increased Ku70 protein production and restored Ku70 binding to DNA
double stranded breaks, suggesting the critical role of Ku80 in forming the Ku heterodimer. The
supplementation of Ku80 restored the capacity of p350 to find to exposed DNA ends in Ku80
null mice, and rescued the mutant phenotypes from impaired DNA break repair and decreased
cell survival (Chen et al., 1996).

Additionally, Ku has been shown to be important in telomere maintenance, as it is an
integral component of the telomere binding complex and is shown to be participant in facilitating
the perinuclear localization of the telomere, silencing, and preventing shortening (Hsu et al.,
1999; Mishra et al., 1999; Galy et al.2000). As well, Ku proteins promote accumulation of

phosphorylated Histone 2AX, (y-H2AX) an important biomarker of DNA damage (Kinner et al.,

2008).
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Various cytological and molecular changes that likely resulted from the defect in DNA
repair were observed in CDCA7 and HELLS mutant HEK?293 cells and also in DNMT3B and
ZBTB24 mutant cells. Furthermore, CDCA7 or HELLS deficiency caused a C-NHEJ defect and
delay in Ku80 accumulation at DNA damage sites. The literature shows the defect in C-NHEJ
accounts for some of the common features of ICF cells, including instability of satellite repeats,
abnormal chromosome configuration, reduced proliferation rate, and apoptosis (Unoki et al.,

2019).

V(D)J Recombination, Class Switch Recombination and c-NHEJ.

V(D)J is the process by which genomic segments encoding the variable (V), diversity
(D), and joining (J) elements of immunoglobulin Ig and T cell receptor (TCR) genes are
assembled (Deriano et al., 2011; Nussenzweig, et al., 1997).The TCR B and 6 chain and Ig heavy
chain (IgH) variable region exons are assembled from V, D, and J segments, while TCR a and y
chain and Ig k and A light chain (IgL) exons are assembled from V and J segments (Bassing et
al., 2002). V(D)J recombination is initiated by a double stranded break (DSB) between the V, D,
and J segments and flanking RSS (recombination signal sequences). The RS ends are joined
while the coding regions is potentially modified and may result in an inversion or deletion of
intervening sequences (Tonegawa et al., 1983). The joining phase of the VV(D)J recombination
reaction is carried out principally by NHEJ proteins (Sekiguchi et al., 2001).

In early B and T cell development, NHEJ is required for VV(D)J recombination.
Additionally, a link between DSB repair and V(D)J recombination was discovered through study
of severe combined immunodeficient (SCID) mice, which are both radiosensitive and

immunodeficient (Bosma et al., 1991). A null mutation in Ku80 subunit of the DNA-PK results
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Figure 1.4. VV(D)J recombination is the process by which genomic segments encoding the variable (V), diversity
(D), and joining (J) elements of immunoglobulin Ig and T cell receptor (TCR) genes are assembled (Deriano et
al., 2011; Nussenzweig, et al., 1997).The TCR P and § chain and Ig heavy chain (IgH) variable region exons
are assembled from V, D, and J segments, while TCR o and y chain and Ig «k and A light chain (IgL) exons are
assembled from V and J segments (Bassing et al., 2002). V(D)J recombination is initiated by a double stranded
break (DSB) between the V, D, and J segments and flanking RSS (recombination signal sequences). The RS
ends are joined while the coding regions is potentially modified and may result in an inversion or deletion of
intervening sequences (Tonegawa et al., 1983). The joining phase of the VV(D)J recombination reaction is carried
out principally by NHEJ proteins (Sekiguchi et al., 2001).
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Figure 1.5. Double stranded base repair by the NHEJ (Non-homologous end-joining) pathway is initiated by
RAG1/2 during CSR (Class switch recombination).. Ku70 and Ku80 proteins heterodimerize to form the Ku
complex. The Ku proteins detect and bind to double stranded breaks of DNA, protecting the exposed and
vulnerable ends and facilitate a short resection of the DNA. They then recruit and activate DNA PKc’s and
other binding proteins that allow for accumulation of phosphorylation of Ser139 of Histone 2AX (y-H2AX), a
marker of DNA damage. XRCC4 directs DNA ligase IV to ligate the DNA and polymerization of new DNA.
(Images created using Biorender.)
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in a severe phenotype, as T and B cell development is arrested at early progenitor stages and
there is deficiency in V(D)J rearrangement in mice (Nussenzweig et al., 1996). Furthermore, Ig
and TCR provide antigen-binding specificity for an immune response, and the proteins encoded
by the recombination activating genes 1 and 2 (RAG1,2) that form an endonuclease (RAG).
RAG is required to initiate V(D)J and detects recombination signal sequences (RSSs)
neighboring the V, D and J gene segments (Deriano et al., 2011). B cell and T cell development
are blocked in RAG 1 and 2 deficient mice (Mombaerts et al. 1992; Shinkai et al. 1992). This
further supports the insinuation of Ku80’s role in V(D)J recombination, class switch
recombination and DNA damage response.

Immunoglobulins, or antibodies, play a crucial role in immune response through their
effector functions. Class switch recombination (CSR) takes place in mature B cells, when
constant regions of immunoglobulins switch from IgM to IgG, IgA or IgE. CSR is initiated by
activation-induced cytidine deaminase (AID), causing DNA deamination producing an abasic
(apyrimidinic/apurinic [AP]) site subsequently cut by AP endonuclease (APE) 1 or 2. (Xu et al.,
2012). DNA single-strand breaks (SSB) are produced, and two SSBs on opposite DNA strands
form DSBs, initiating the CSR (Xu et al., 2012). The joining of DSBs during the CSR is
performed both by the classical NHEJ (C-NHEJ) and alternative end joining (A-EJ) (Yan etal.,

2007). This further supports the role of NHEJ in early B and T cell development.

Histones.

The organization of DNA, the material that allows for the inheritance of genetic
information, is packaged as 147 bp of DNA wrapped around an octamer of core histones known
as nucleosomes, and forms increasingly more complex structures to form chromatin (Rogakou et

al., 1997). This nucleosome includes DNA and eight core histone proteins, two from each of four
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histone protein families, known as H4, H3, H2B, and H2A (Peterson et al., 2004). The histone
octamer is composed of a central heterotetramer of histones H3 and H4, flanked by two
heterodimers of histones H2A and H2B. Each nucleosome is separated by 10-60 bp of ‘linker’
DNA, and the resulting nucleosome array constitutes a chromatin fiber of ~10 nm in diameter.
This simple ‘beads-on-a-string’ arrangement is folded into more condensed, ~30 nm thick fibers
that are stabilized by binding of a linker histone to each nucleosome core (note that linker
histones are not related in sequence to the core histones). This organization of DNA into
chromatin hinders its accessibility to proteins that must bind or transcriptionally activate the
DNA. Therefore, such structures must be dynamic and capable of regulated remodeling
transitions by remodeling proteins to allow for temporally and spatially activation, and
subsequent silencing, if necessary (Peterson et al., 2004). The three H2A subfamilies are the:
H2A1-H2A2 family; the H2AZ family; and the H2AX family (Rogakou et al., 1998). H2AX is

known to associate with CDCAY7 and is therefore a protein of interest (Unoki et al., 2018).

y-H2AX and DNA Damage.

H2AX is a variant of the H2A protein family, which is a component of the histone
octamer in nucleosomes. y-H2AX, (pronounced “gamma-H2AX”, also known as Serine 139-
phosphorylated H2AX), facilitates the concentration of DNA damage repair machinery and
simultaneously serves as a DNA damage signal and biomarker (Hunt et al., 2013; Rogakou et al.,
1998; Celeste et al., 2003). H2AX is defined as distinct from the other two H2A subfamilies
since it has the distinctive motif SQ(D/E)(I/L/Y)-(end) at its C-terminal end, and this motif
includes the site of y-phosphorylation at residue serine 139 (Rogakou et al., 1998).

In response to DNA damage, H2AX is phosphorylated by ATM, (ataxia telangiectasia

mutated), a PI3K family member. Ataxia telangiectasia mutated (ATM) is a DDR regulator
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protein kinase that phosphorylates multiple substrates in response to the DSBs, including histone
H2AX, modulator of DNA damage checkpoint 1 (MDC1) and p53-binding protein 1 (53BP1)
(Kumar et al., 2014). Following the activation of Really Interesting New Gene (RING), Finger
Protein 8 (RNF8), and RNF168, which are ubiquitin ligases, y-H2AX recruits MDCL.
Phosphorylated and ubiquitinated H2AX recruits p53, which in turn mediates recruitment of
RIF1 and interacts with Rev7. Accumulation of DSBs results in ATM-dependent activation of
checkpoint kinases 1 and 2 (CHK1 and CHK?2), arresting the cell cycle, followed by
phosphorylation and stabilization of p53, triggering apoptosis.

The H2AX protein is always phosphorylated at Ser 139 in the presence of DNA damage.
This creates a platform to allow for the recruitment of other important DDR proteins. These foci
represent DSBs in a 1:1 manner, resulting in a close correlation of phosphorylated foci and DNA
damage (Rogakou et al., 1998). This phosphorylation triggers the NHEJ pathway ending in
ligation and ultimately repair of the double stranded break (Stiff et al., 2004).

v-H2AX has been shown to have various functions in different cell regulatory capacities
such as DSB processing and correlation with growth deficiencies. Mice and yeast lacking the
conserved serine residue demonstrate a variety of defects in DNA DSB processing (Pilch et al.,
2003). 2AX Delta/Delta mice are smaller, sensitive to ionizing radiation, defective in class
switch recombination and spermatogenesis while cells from the mice demonstrate substantially
increased numbers of genomic defects (Pilch et al., 2003). As the most highly conserved of the
three H2A subfamilies in eukaryotes, H2AX comprises 2—10% of the H2A proportion in
mammalian tissues and H2AX constitutes almost all of the H2A in budding yeast (Baxevanis et

al., 1996; Rogakou et al., 1998).
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Doxorubicin and DNA Damage.

Activation of the PI3K-AKT pathway is an important requirement of cancer cells to
escape cell death upon exposure to toxic stimuli, and many chemotherapy drugs commonly in
use, including doxorubicin, face the barrier of patients becoming “chemoresistant” (Bezler et al.,
2012). Doxorubicin is a natural anthracycline drug originally extracted from Streptomyces
peucetius var. caesius, and is one of the most effective chemotherapy drugs used against solid
tumors in the treatment of several cancer types (Arcamone et al., 1969). It is known to cause
DNA double-strand breaks in rapidly dividing cells however its mechanism is not fully
understood (Yang et al., 2013).

One proposed model in which doxorubicin induces DNA damage, is doxorubicin
intercalates within DNA and inhibits topoisomerase I1. This results in overwinding of DNA
during transcription, thereby preventing the recombination of the DNA double strand and
impeding DNA replication. Additionally, when doxorubicin intercalates in promoter sequences,
it hinders topoisomerase Il activity. Subsequently, the dynamics of nucleosomes are affected by
the resulting torsional stress, resulting in an increased rate of nucleosome turnover, eviction and
replacement. This culminates in exposure of vulnerable DNA susceptible to double stranded
breaks, resulting in cell death (Yang et al., 2013; Pommier et al., 2010; Pang et al., 2013;
Taymaz-Nikerel, et al., 2018). This was supported by a study that used a genome wide method to
map DSB’s in cancer cells. They found spontaneous DSB’s occur preferentially around
promoters of active genes, and that anthracyclines increase DSB's around promoters (Yang et al.,
2015).

However, this method was not identified in all cell types and tissues, such as heart and

liver, as doxorubicin has been shown to cause histone eviction and nucleosome turnover despite
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no evidence of double stranded breaks (Pang et al., 2013). Three possible consequences of
histone eviction were described as diminished DDR, epigenetic alterations, and stimulation of
apoptosis (Pang et al., 2013). Additionally, 14-3-3 signaling was seen as upregulated in the heart
after treatment with doxorubicin, potentially related to the cardiotoxicity side affect of
doxorubicin (Pang et al., 2013).

A second model proposes doxorubicin causes the generation of free radicals and
oxidative damage to biomolecules, causing DNA damage and ultimately cell death (Kim et al.,
2006; Li et al., 2005; Lepos et al, 2008).

One of the major disadvantages of long-term cancer treatments is resistance to
chemotherapy reagents. Repeated administration of doxorubicin has been shown to lead to drug-
resistant cancer cells and increased cytotoxicity, the most common side effect of doxorubicin
(Taymaz-Nikerel, et al., 2018; Ferreiraetal., 2017).

AKT has been shown to suppress apoptosis induced by chemotherapy or radiotherapy
through interaction with critical apoptosis pathway regulatory proteins, leading to conference of
resistance by AKT to multiple types of chemotherapy reagents in a plethora of cancers (Li et al.,
2005). Overactive AKT has been shown to confer resistance to multiple types of chemotherapy
reagents including doxorubicin in breast cancer (Knuefermann et al., 2003). Additionally,
phosphorylation of AKT was observed to be significantly higher in patients with esophageal
squamous cell carcinoma who received chemotherapy. This increase was correlated with poor
prognosis (Yoshioka et al., 2018). Another study showed in a radiation-resistant versus a
radiation-sensitive group, significantly increased levels of phosphorylated AKT in cervical
cancer (Kim et al., 2006). In ovarian cancer cells doxorubicin induces activation of the HER3-

PI3K-AKT signaling cascade, and results in chemotherapy resistance. This was successfully
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inhibited by specific kinase inhibitors, and inhibition of this signaling cascade significantly
induced apoptosis (Bezler et al., 2012).

When doxorubicin was introduced in a panel of breast cancer cell lines, the results
showed differential responses in the baseline levels of Akt phosphorylation and kinase activity,
indicating their possible connection to similar cellular regulatory processes. Using Western Blot
analysis, doxorubicin was observed as requiring a minimum of 24 hours for peak kinase activity
by AKT, and exhibited a dose-dependent response with a peak in detected AKT intensity at 1
uM when compared with a range of doses in breast cancer cell lines (Li et al., 2005). Overall,
this accumulation of studies shows the significant correlation of the PI3K pathway and DNA
damage by doxorubicin in multiple cancer types.

Furthermore, 293T cells showed significant cell damage when incubated in the presence
of doxorubicin. The serine/threonine protein kinase ATM, a member of the PI3K pathway family
of proteins, was found to be activated by doxorubicin, partially through the generation of reactive
oxygen species (ROS) and was necessary for the initial response for phosphorylation of H2AX, a
DNA damage biomarker (Kurz et al., 2004).

This indicates a possible method by which doxorubicin causes DNA damage, and by
upregulating the PI3K pathway by overstimulation of AKT and the increased upregulation of
DNA damage repair components such as y-H2AX, may possibly cause overstimulation of
CDCAT7 and associated proteins. This may allow us to fully elucidate the role of CDCA7 and

HELLS in mediating DNA damage response through the Ku complex.
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Figure 1.6. Doxorubicin causes DNA damage via 1 of 3 proposed mechanisms. One method is through
topoisomerase I, critical in preventing twisting that would stress and prevent proper transcription and
maintenance of the transcription initiation bubble. This causes subsequent torsional stress and nucleosome
turnover is increased. This causes exposure of vulnerable DNA resulting in DNA damage leading to cell death.
Other pathways include formaldehyde and ROS (reactive oxygen species).
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Hypothesis.

| hypothesize that CDCA7 interaction with HELLS requires a conserved region of amino
acids, and loss of these amino acids will disrupt CDCA7-HELLS interaction. My approach was
to evaluate the interaction between CDCAY and HELLs after altering regions of CDCA7. Within
the CDCAY7 protein, there are several regions that are commonly known to mediate protein
interaction. These include a leucine rich region near the N-terminus, a phosphorylation site at the
mid-point of the amino acid sequence that we have previously discovered interacts with 14-3-3,
an acidic region closer to the C-terminus, and a C-terminal cysteine rich Zinc Finger domain
(Figure 2.1).

The literature reports the association of CDCA7 with Ku80 (Unoki et al., 2018).
Therefore, my goal was to map the region of CDCAY critical for their interaction. It is likely
Ku80 will require a conserved sequence of amino acids to interact with CDCA7.

Additionally, the association of CDCA7 with y-H2AX is documented (Unoki et al.,
2018). Therefore, my goal was to map the region of CDCAZ7 critical for their interaction. Itis
likely y-H2AX will require a conserved sequence of amino acids to interact with CDCAT7.

Finally, to investigate the functional effect on CDCA7’s role in DNA damage via Ku80

and y-H2AX, when doxorubicin is added to HEK293Ta cells, significant DNA damage should be

indicated by an upregulation of Ku80 and y-H2AX.
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Chapter 2: Procedures, Protocols, and Methodology

DNA Related Procedures:

Some plasmid constructs were obtained by other members of the Scheid lab produced for
a previous publication (Gill et al, 2013), while I generated the remaining constructs. Constructs
were made using site-directed mutagenesis using the NEBaseChanger Q5 kit (NEB Catalog #
E05548S).

All constructs contain a carbenicillin resistance gene under control of a bacterial
promoter. Escherichia coli cells were grown in Lennox Luria Broth (LB) from Sigma Aldrich
(Stock Keeping Unit/SKU L3022). The carbenicillin (100 ug/ml) from Sigma Aldrich (SKU
C1613) was added to the LB media. Cells were plated on LB-agar (1.5% w/v; Bacto Agar from
Difco & BBL, Catalog no. 214010) with carbenicillin (100 ug /ml). Cells are NEB 5-alpha
(DHb5alpha strain) competent E. coli (subcoloning efficiency) cells (NEB Catalog# C2988). All
cultures were incubated at 37°C, 220 rpm on a VWR S-500 Orbital Shaker.

Transformation.

DHS5a E. coli cells (50 ul) were thawed on ice and mixed with 1-5 uL of plasmid DNA
with gentle agitation. The mix was placed on ice for 30 minutes, followed by immersing in the
Eppendorf Thermomixer 5436 for 45 seconds at 42°C (heat shock) and then placed back on ice
for 5 minutes. The cells were resuspended in SOC Outgrowth Medium (NEB Catalog# B9020;
2% Vegetable Peptone, 0.5% Yeast Extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgClz, 10 mM
MgSOa, 20 mM Glucose), incubated at 37°C for 1 hour, resuspended again and plated onto an
LB-agar plate and incubated overnight at 37°C inverted. Plates were stored at -4°C if colonies

successfully formed after 24 hours.
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DNA Preparation.

After DNA was transformed onto LB-agar plates, a colony was picked and grown
overnight in 100 mL of media. DNA was purified from the overnight cultures of DH5a E. coli
cells with PureLink™ HiPure Plasmid Filter Miniprep kit or Midiprep kit according to the

manufacturer’s protocol. All kits were from ThermoFisher Scientific.

Sequence Verification,

After DNA is prepared, plasmid DNA was sent for sequencing at TCGA Facilities (Sick
Kids Hospital) along with associated sequencing primers for the construct. The sequence reads
were compared to the sequence of the gene insertion with the Nation Center for Biotechnology
Information (NCBI) tool called Align Sequences Nucleotide BLAST (Basic Local Alignment

Search Tool).

Cell Lines and Cell Culture.

HEK 293T cells were obtained from the American Type Culture Collection and
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal

bovine serum (FBS) and antibiotics (Penicillin Streptavidin) at 37°C and 5% COs..

Thawing.

Cells in a cryogenic vial were placed in a water bath at 37°C until nearly thawed. 1 mL of
DMEM was added drop wise to the cells and then cells are plated in a 100 mm dish
with 8 mL of media. A second 100 mm dish, diluted ten-fold, is plated from the first dish. After
24 hours incubation and allowing cells to adhere, media was aspirated and replaced with fresh

cell culture media DMEM.
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Transfections.

For transient expression of FLAG tagged vector DNA in HEK 293T cells, cells were
plated on 100 m diameter dishes at 80% confluency and transfected with 15 ug of total plasmid
DNA using polyethylenimine (PEI) (Sigma-Aldrich #408727). 15 ug of DNA was diluted with
750 ul of sterile serum free OPTIMEM (ThermoFisher scientific #31985062) and incubated at
room temperature for 5 minutes. Simultaneously, 45 ul of PEI (volume is 3x the amount of DNA
utilized) diluted with 750 ul of sterile serum free OPTIMEM. The two diluted solutions of DNA
and PEI are combined and incubated at room temperature for 15 minutes and within 30 minutes
were added dropwise in 500 ul increments indirectly to plated HEK 293T cells. Cells were
incubated at 37°C and 5% CO2 overnight. DMEM media was removed, and fresh DMEM
supplemented with 10% fetal bovine serum and antibiotics were replaced. After 24 hours of

incubation, cells were rinsed with sterile PBS (Phosphate Buffered Saline), and harvested.

Harvest and Immunoprecipitation Assay with FLAG Beads.

Plated 293T cells were kept on ice. 1 ml of cold Lysis Buffer that included phosphatase
and protease inhibitors was added to each plate, and cells were collected into centrifuge tubes.
Each sample was sonicated 3 times for 5 seconds, then centrifuged at 21,100 rpm for 5 minutes
at 4°C. Supernatant was retained while pellet discarded. 20 ul of each sample supernatant was
aliquoted as a “lysate” protein loading control sample to be combined with SDS PAGE (Sodium
dodecyl-sulfate polyacrylamide gel electrophoresis) sample loading buffer, boiled at 95°C for 5
minutes and then stored at -20°C until use. The remaining supernatant was incubated and rotated
gently at 4°C with precleaned M2 FLAG agarose beads (Sigma-Aldrich) for 1 hour to overnight
(“IP samples”). IP beads samples were washed as follows: samples were centrifuged at 4°C for

12 seconds at 12000 rpm, supernatant removed, and washed with 350-700 ul lysis buffer
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containing protease and phosphatase inhibitors. This process of washing the beads was repeated

3 times.

FLAG Elution.

After washing the IP samples, to elute the bound FLAG tagged proteins and associated
proteins from the beads, the samples were incubated with a 5 ug FLAG elution peptide (Sigma)
suspended in lysis buffer containing protease and phosphatase inhibitors with a final
concentration of 150 ug. The beads were flicked to resuspend in the solution, allowed to settle
for 15 minutes, then pelleted via centrifugation; this process was repeated 3 times in the span of
45 minutes to 1 hour at 4°C. After, the bead samples were centrifuged for 1 minute at 4°C at
21,100 rpm. 90 ul of the supernatant was aliquoted and combined with 30 ul of 4x SDS PAGE
sample loading buffer and boiled at 95°C for 5 minutes. These samples were then stored at -

20°C until use.

Antibodies.

Mouse monoclonal anti-Flag M2 (A2220) antibodies were purchased from Sigma-
Aldrich. Mouse monoclonal anti-14-3-3f (catalog no. SC-1657) and mouse monoclonal anti-
MY C (9E10; catalog no. SC-40) antibodies were purchased from Santa Cruz. Rabbit polyclonal
anti-Ku80 (C48E?7), rabbit polyclonal anti-14-3-3, rabbit polyclonal anti-y-H2AX (5139), and
mouse monoclonal anti-P-Ser473 AKT (4051) antibodies were purchased from Cell Signaling
Technology. An anti-P-Thr163 CDCAT7 rabbit polyclonal antibody was generated by GenScript

Corporation (CA).
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Western Blot.

Criterion TM XT Precast 4-12% Bis-Tris gels were used for a portion of the western
blotting procedures. The rest used either 10% or 15% aa/bis acrylamide percentage gels

following the NUPAGE gel casting protocol.

NuPAGE Gel Casting Protocol.

Gels were cast in either 1mm or 1.5 mm spacers (BIORAD). Resolving gels were cast
(10%/10 ml) by mixing in a 50 mL conical tube 30% acrylamide from BioShop Canada (Catalog
no. ACRO010), 7x BisTris Buffer, ddH20, Tetramethylethylenediamine (TEMED) from Bioshop
Canada (Catalog no. TEM001), and 0.1% ammonium persulfate (APS). Every gel was then
overlayed with 500 ml ethanol. Acrylamide was allowed to polymerize for at least 25 minutes.
Ethanol was drained and rinse thoroughly several times with deionized water. Stacking gel was
cast (4%/10 ml) in a 50 mL conical tube, 30% AA/bis (4°C), 7x BisTris Puffer (4°C), H20 ,
TEMED (RT), APS (4°C) and mixed by inverting the tube. 2-3 ml was poured onto each gel and
combs inserted. Gels were allowed to set for 25 minutes, then covered with a wet paper towel
and parafilm to let completely polymerize overnight at 4°C (fridge) or used straight away once
leftover gel solution fully polymerized in tube.

After gels were produced, they were assembled on the MiniPROTEAN® Tetra vertical
electrophoresis cell from BioRad. The unit was filled to the required volume with running
buffer, IxXXTMOPS (BioRad). After samples were loaded, the gel was run at constant voltage
(130 Volts) for 80 minutes. Current was provided through a VWR AccuPower Model 300

electrophoresis power supply unit.
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Transfer.

Immobilon-P (PVDF) Membrane (Millipore Sigma Catalog no. IPVH00010) and
FisherbrandTM Pure Cellulose Chromatography Paper (transfer paper) from Fisher Scientific
(Catalog no. 05-714-4) were cut out into rectangle pieces, based on the dimensions of the gel to
be transferred. The polyvinylidene fluoride (PVDF) membrane was activated by completely
immersing the membrane in 100% methanol for 10 minutes. The membrane is then soaked in
transfer buffer, pH 7.2 (bicine 25 mM, Bis-Tris 25 mM, EDTA 1 mM, 10% methanol). Once the
gel finished running, the gel and transfer paper were soaked entirely in transfer buffer for 10
minutes. The components for transfer were assembled on a Semiphor Semi-dry transfer
unit from Amersham Pharmacia Biotech. The order of the components were as follows: four
pieces of transfer paper, PVDF membrane, gel and four more pieces of transfer paper. The

transfer apparatus was run at constant current (50 milliamps/gel) for 60 minutes.

Blocking.

Blocking buffer depended on the type of secondary antibody (fluorescent vs. horse
radish peroxidase (HRP)). For fluorescent secondary antibodies, membranes were incubated
in Odyssey® Blocking Buffer (TBS) from LI-COR (Product Number 927-50000) for at least 1
hour prior to incubation with primary antibody. If commercial blocking buffer was unavailable,

3% powdered skim milk dissolved in 1X PBS (BIORAD) was used instead.

Blotting.

All antibody mixtures were made in phosphate-buffered saline (PBS) with 50% blocking
buffer or 50% of 3% skim milk dissolved in 1X PBS. Primary antibodies were added to the

antibody mixture with 0.1% Tween®-20 from BioShop Canada (Catalog no. TWN510) and
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0.01% SDS. The primary antibodies were incubated with the membrane in a glass tray for 1-2
hours at room temperature or overnight at 4°C. Next, membranes were washed 3 times, 5
minutes per wash, with 0.1% Tween-20 and 0.01% SDS in 1xPBS (Western Wash). Secondary
antibodies were added to the antibody mixture with 0.1% Tween®-20 and 0.01% SDS in 1xPBS
(Western Wash). Secondary antibodies were incubated in the dark for 30-45 minutes at room
temperature. Membranes were again washed 3 times, 5 minutes per wash, with 0.1% Tween-20

and 0.01% SDS in 1xPBS (Western Wash) before being imaged.

Odyssey Imaging.
Fluorescent secondary antibodies were used so membranes were scanned on the

Odyssey® Infrared Imaging System, Model 9120. The system detects emission wavelengths at

700 nm and 800 nm.

Cell Viability Assay: Trypan Blue Exclusion.

Cells were seeded with 50,000-500,000 cells and allowed to adhere while incubated at
37°C with 5% CO2. After 24 hours, various concentrations (25 uM, 10 uM, 5 uM, and 1 uM) of
doxorubicin was added to each well. Water was used as a vehicle control. Cells were incubated
at 37°C for 48 hours. Media supernatant was collected, cells were rinsed with PBS and PBS
collected, cells trypsinized, trypsin deactivated by addition of DMEM media and DMEM
collected. Collected solution was pelleted for 5 minutes at 1200 rpm. The supernatant was
removed, and cells resuspended in 1-2 ml of fresh DMEM media. Following the addition of

trypan blue solution (0.4%, Invitrogen), the stained cells were counted using a hematocytometer.
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Figure 2.1. Mutant constructs of WT-CDCAY7 (371 amino acids) created by site directed mutagenesis.
“Delta260-371-CDCAT” and “Delta230-260-CDCA7” is the removal of the C-terminal end. “Deltal-147-
CDCAT” is the removal of the 147 amino acids from the N-terminus. “Deltal12-137-CDCAT7” is the removal of
the 25 amino acids within the “putative Leucine Zipper region”. “4LA-CDCAT7” is the substitution mutations of
4 leucines to alanines within the 112-137 putative leucine zipper region. “T163A-CDCA7” is the substitution
mutation of Threonine 163 to Alanine, and the abolishing of phosphorylation by p-AKT at T163 and subsequent
binding of 14-3-3 of CDCAY and sequestering it to the cytoplasm. “DE-CDCAT7” is the replacement of the 20
amino acids surrounding the T163 site with an R18 peptide (PHCVPRDLSWLDLEANMCLP). The “KK-
CDCAT7” construct is the replacement of the D and E residues that form contacts with 14-3-3 and are substituted
for phospho-amino acids, resulting in complete prevention of 14-3-3 binding.
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Chapter 3: Discoveries, Findings, and Results

HELLS Requires the N-terminal Leucine Zipper for Interaction with CDCA7

The schematic in Figure 2.1. shows the various regions of CDCA7 and their proposed
roles, including a C-terminal zinc finger DNA binding domain (amino acids 262-371), a putative
coiled coil leucine zipper (Lz) region (amino acids 112-137) with the potential to promote homo-
or hetero- dimerization, a highly acidic “E” region (amino acids 195-204) critical for interaction
with TPX2, a mitotic spindle assembly protein, highly conserved in mammals (Figure 3.1B), an
NLS (nuclear localization signal) domain (amino acids 165-187), and a threonine at position 163
that is critical for binding to 14-3-3 phospho-adapter protein (Gill et al., 2013).

First, | asked whether HELLS associated with CDCA?7 in cells. HA-HELLS was detected
following the immunoprecipitation of FLAG-epitope tagged CDCA7 when each were
cotransfected in HEK293Ta cells (Figure 3.1). Next, | used various internal deletions with
CDCAT to test whether the 14-3-3 binding site, the NLS domain, and the acidic region were
required for interaction with HELLS. HELLS coimmunoprecipitated with “wildtype” (WT)-
CDCAY7, the 14-3-3-binding site mutation (T163A-CDCAY7), the acidic region (deltal95-204-
CDCA7, and the 11 amino acids immediately C-terminal to the acidic region (delta204-215-
CDCAT; Figure 3.1) that could include a second 14-3-3 binding site based on sequence analysis
(Gabor and Scheid, unpublished observations). Furthermore, | found that deletion of the NLS
region from 165-187 also did not prevent HELLS-CDCAY7 interaction (Figure 3.6) This indicates
that neither the T163/AKT phosphorylation site, the NLS region, nor the acidic E region are

critical for interaction of HELLS and CDCAY.
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To find the site required for HELLS interaction, | performed further co-
immunoprecipitation experiments using deletions of both N-terminal and C-terminal segments of
CDCAY. Deletions of 230-371 and 260-371 each remove the Zn-Finger domain that has been
shown to harbour mutations implicated in ICF3 (Thjissen et al., 2015). Experiments depicted in
Figures 3.2, 3.3 and 3.4 showed that the loss of the C-terminal Zn-finger domain led to a
reduced, but not complete loss of interaction of HELLS with CDCA7, while they revealed the N-

terminal region of amino acids 1-147 to be critical for this interaction (Figure 3.3).
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Figure 3.1. 14-3-3 binding of CDCA7 does not significantly regulate HELLS binding with CDCAT7. A)
Schematics of WT and mutant constructs of 3xFLAG-tagged CDCAZ7 used in the experiments in this figure.
Mutant constructs used in this figure include T163A-CDCA7, delta 195-204-CDCAY7, and delta204-215-
CDCAY7, and DE-CDCA7. DE-CDCAT7 is the replacement of the 20 amino acids surrounding the T163 site
with an R18 peptide (PHCVPRDLSWLDLEANMCLP). B) Sequence alignment of CDCA7 amino acids 204-
215 indicate a highly conserved “E” region. Asterisks (*) denote identical matches while a colon (:) indicates
similar matches. C) CDCAY or various truncated versions including WT-CDCA7, T163A-CDCAY7, deltal95-
204-CDCAY7, and delta204-215-CDCA7 were transfected into cells together with HA-HELLS and subjected to
pulldown by FLAG immunoprecipitation followed by immunoblotting with an anti-FLAG and anti-HA
antibody. A reserved portion of the input CDCA7 and HA-HELLS was also immunoblotted. D) CDCA7 or
various truncated versions including WT-CDCA7Y and DE-CDCAY were transfected into cells together with
HA-HELLS and subjected to pulldown by FLAG immunoprecipitation followed by immunoblotting with an
anti-FLAG and anti-HA antibody. A reserved portion of the input CDCA7 and HA-HELLS was also
immunoblotted. The HELLS/CDCA7Y Ratio numbers were generated determining relative enrichment. This was
determined by detected HA background subtracted from the HA cotransfected with the sample of interest,
normalized to WT-FLAG. Numbers within brackets (#) indicate the range of samples 1 and 2.
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Figure 3.2. Zinc Finger DNA binding region of CDCAY7 is not critical for interaction with HELLS. A)
Schematics of WT-CDCA7 , delta230-371-CDCA7, and delta260-371-CDCAY constructs used in the
experiments in this figure. B) CDCA7 or various truncated versions including WT-CDCAY7, delta230-371-
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the experiments in this figure. B) CDCAY or various truncated versions including WT-CDCA7, delta230-
371-CDCAY7, and deltal-147-CDCA7Y were transfected into cells together with HA-HELLS and subjected
to pulldown by FLAG immunoprecipitation followed by immunoblotting with an anti-FLAG, anti-PT163-
CDCA7 and anti-HA antibody. A reserved portion of the input CDCA7 and HA-HELLS was also
immunoblotted.
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immunoblotted.




HELLS Requires CDCA7- Leucine Zipper Region for Interaction.

The N-terminal region is interesting since it contains a postulated leucine zipper region at
amino acids 112-137. Leucine zippers are a protein-protein interaction domain and tend to be
formed classically by two proteins each with a region of approximately 4 or more leucines or
isoleucines spaced approximately 7 amino acids apart, forming a coiled-coil (Krylov et al., 2001)
(Figure 3.5). Additionally, when the amino acid sequence of CDCA7 was analyzed by Alpha
fold and Rosetta fold software and reconciled using Pymol, this region of amino acids predicts an
alpha helical coiled coil structure (Figure 3.5). Additionally, approximately every ~7 amino
acids are a leucine or isoleucine that is reported by the literature to be typical of the structure of
the distinctive “leucine zipper” alpha helix (Figure 3.5). Therefore, | formed the hypothesis that
this region is a putative leucine zipper, and set out to test if it is necessary for CDCAY7 interaction
with HELLS.

To test this hypothesis, | expressed a truncated form of CDCA7 with the amino acids
112-137 removed by site directed mutagenesis. Compared to wildtype CDCAY7, loss of the
putative Lz completely abolished HELLS association (Figure 3.6). This suggested that the 112-
137 region was critical for HELLS and CDCAY interaction.

To further investigate the role of the leucine rich region of 112-137 in association with
HELLS, the specific leucines between amino acids 112-137 were mutated to alanine. First, |
investigated this with a single mutation of leucine 129 to alanine and compared this with the loss
of the entire region (Figure 3.7). While loss of the 112-137 amino acids showed a complete loss
of HELLS interaction with CDCAY7, the L129 to alanine mutation resulted a significant decrease

but not complete loss of HELLS interaction.
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Figure 3.5. A) Leucine zippers are a protein-protein interaction domain and tend to be formed classically
by two proteins each with a region of approximately 4 or more leucines or isoleucines spaced
approximately 7 amino acids apart, forming a coiled-coil (Krylov et al., 2001). Image created using
Biorender.com. B) Pymol computer programming software generates a coiled coil alpha helix structure
based on the amino acids 112-137 sequence input of CDCAY using alphafold and rosettafold software
DelLano, W. L. (2002). The PyMOL Molecular Graphics System. Retrieved from https://pymol.org/. C)
CDCAY amino acid sequence from 111-138 shows the repeating sequence of leucines or isoleucines in
the same position (Uniprot.org). D) Construct of WT-CDCA7 showing the amino acid sequence of aa’s
112-137 compared with the leucine zipper consensus sequence. This sequence is highly conserved among
mammals.
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Figure 3.6. HELLS associates with the putative Leucine Zipper region (aa’s 112-137) of CDCA7. A)
Schematics of WT-CDCAY7, deltal12-137-CDCA7, and deltal65-187-CDCAT (containing a nuclear
localization signal) constructs used in the experiments in this figure. B) CDCA7 or various truncated
versions including WT-CDCAY7, deltal12-137-CDCAY7, and deltal65-187-CDCA7Y were transfected into
cells together with HA-HELLS and subjected to pulldown by FLAG immunoprecipitation followed by
immunoblotting with an anti-FLAG, anti-PT163-CDCA7 and anti-HA antibody. A reserved portion of
the input CDCAY and HA-HELLS was also immunoblotted.



Next, | introduced compound mutations of various Leucines within the Lz region. While
loss of the 112-137 amino acids showed a complete loss of HELLS interaction with CDCAY7, the
double compound mutations of L115A:L120A and the L129A:L132A mutations resulted in a
significant decrease but not complete loss of HELLS interaction (Figure 3.8).

Finally, | generated a construct containing four mutations, and which included two
leucines within row “e” of the consensus leucine zipper sequence (L115, L129) and two adjacent
leucines (L120, L132) (Figure 3.5, 3.9). Mutation of these four leucines resulted in a complete
loss of HELLS interaction with CDCA7.

Taken together, these results indicate a leucine zipper region with a coiled coil alpha
helical structure exists at this region of amino acids between 112-137 within CDCA7 and this

structure is required for successful CDCA7 and HELLS interaction.
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Figure 3.7. HELLS association with CDCA7 regulated by the Leucines within the Leucine Zipper
region (aa’s 112-137). A) Schematics of WT-CDCAY7, deltal12-137-CDCA7, and deltaL129A CDCA7
constructs used in the experiments in this figure. B) CDCA7 or various truncated versions including
WT-CDCA?7, deltal12-137-CDCAY7, and deltaL129A-CDCA7 were transfected into cells together with
HA-HELLS and subjected to pulldown by FLAG immunoprecipitation followed by immunoblotting
with an anti-FLAG, anti-PT163-CDCAY and anti-HA antibody. A reserved portion of the input CDCA7
and HA-HELLS was also immunoblotted.
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Figure 3.8. HELLS association with CDCA7 regulated by the Leucines within the Leucine Zipper
region (aa’s 112-137). A) Schematics of WT-CDCAY7, deltal12-137-CDCA7, L115AL120A-CDCATY
and L129AL132A-CDCAT7 constructs used in the experiments in this figure. B) CDCAT7 or various
truncated versions including WT-CDCA7, deltal12-137-CDCAY7, L115AL120A-CDCA7 and
L129AL132A-CDCA7 were transfected into cells together with HA-HELLS and subjected to pulldown
by FLAG immunoprecipitation followed by immunoblotting with an anti-FLAG, anti-PT163-CDCA7
and anti-HA antibody. A reserved portion of the input CDCA7 and HA-HELLS was also
immunoblotted.



A

1 Leucine g — 371

(A)
L129A-CDCA? - Zinc Finger I—p
(A)
L115AL120A-CDCA7 0 g Zinc Finger I_.
LAA-CDCA7 wo upw Zinc Finger I_b
- ~
B ~ ~
s 3
T T 9 < & 8 8
— — — — — N A o~ ~ < T T
g § 8 8 7 & L Y3 S g o1
5} 5} O O ~ < > - O [a) o (=)
) ) ) ) < () < < (o O N ~
> > > > o o 2 8 Q 1 bt =
> > > > a O < < < <
- = = = o 1 Q Q
o o o o v 1 T [¢)] ()] wn wn
E E E E B & 5 23 8 B 5 =
w w w w < < - -l - -—d
HA-HELLS - - + + + + + + + + + +
1B: HA —
- —
HELLS/CDCA? ratio 1.0(08)  0(0.0) 03(0.2) 0.4(0.1)
IB: FLAG - ¢ T et w— q— 4 P FLAG
IB: pT163 .
-— ——— N— — 4
IB:HA Lysate (Input)
IB: FLAG | . --—----4.,-4

Figure 3.9. HELLS association with CDCA7 regulated by the Leucines within the Leucine Zipper
region (aa’s 112-137).A) Schematics of WT-CDCA7, 4LA-CDCA7, L129A-CDCAY and
L115AL120A-CDCAY constructs used in the experiments in this figure. B) CDCA7 or various
truncated versions including WT-CDCA7, 4LA-CDCA7, L129A-CDCA7Y and L115AL120A-CDCA7
were transfected into cells together with HA-HELLS and subjected to pulldown by FLAG
immunoprecipitation followed by immunoblotting with an anti-FLAG, anti-PT163-CDCA7 and anti-
HA antibody. A reserved portion of the input CDCA7 and HA-HELLS was also immunoblotted.



NHEJ protein Ku80 and DNA damage marker y--H2AX interaction with CDCA7 is
regulated by 14-3-3.

Previous work by others have shown that the NHEJ and DNA damage repair proteins
Ku80, Ku70 and y-H2AX interact with CDCA7 (Unoki et al., 2019). As I have shown that
HELLSs interaction requires the Lz region, | was curious if Ku70/80 and y-H2AX association also
requires the leucine rich region of 112-137 of CDCAT.

To test this, | immunoprecipitated CDCA7 from cells and found that endogenous Ku80
and Ku70 associated with CDCA7 (Figure 3.10). Since Ku80 is considered the more significant
protein involved in recruiting PKcs (Protein Kinase catalytic subunit) and allowing for NHEJ
activity (Nussenzweig et al.,1996), | focused on investigating the Ku80 and CDCAY7 interaction.

Next, | tested whether the leucine-rich region of 112-137 was required for association
with Ku80, as it was for HELLs. So, | transfected cells with CDCA7 or CDCA7 with the 112-
137 deletion. Surprisingly, more Ku80 was co-immunoprecipitated with Delta-112-137 CDCA7
than wildtype CDCA7 (Figure 3.11), indicating that this region negatively regulates association
with CDCAY. Similarly, y-H2AX was also enriched following CDCA7 immunoprecipitation
when the 112-137 region was deleted (Figure 3.11).

Since 14-3-3 regulates the interaction of CDCA7 with other proteins such as MYC, |
asked if threonine 163 phosphorylation, or constitutive 14-3-3 binding independent of threonine
163 phosphorylation versus prevention of 14-3-3 binding could regulate this interaction of Ku80
and y-H2AX with CDCAY. To do this, | employed various mutations within CDCA7: The

T163A substitutes alanine for the threonine and prevents 14-3-3 binding, as work from our group
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Figure 3.10. Ku80 and Ku70 associates with CDCA7. A) CDCAY or Empty Vector were transfected
into cells and subjected to pulldown by FLAG immunoprecipitation followed by immunoblotting with an
anti-FLAG, anti-Ku80 (Sigma), anti-Ku70 (Sigma) and anti-pT163 antibody. A reserved portion of the
input CDCA7 and HA-HELLS was also immunoblotted.
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have previously demonstrated (Gill et al, 2013). To promote constitutive 14-3-3 binding, | used a
version of CDCA7 where the region around T163 was replaced with a 20 amino acids sequence
call the R18 peptide (PHCVPRDLSWLDLEANMCLP). This peptide was isolated from a phage
display screen for peptides that bind strongly to 14-3-3, and this construct version in this thesis is
referred to as “DE-CDCA7”.

| expressed WT-CDCA7, T163A-CDCAY and DE-CDCA7, and performed co-
immunoprecipitation of Ku80. In Figures 3.11, 3.12, and 3.13, | found that T163A mutation,
which abolishes 14-3-3 binding, increased the association of Ku80. Constitutive 14-3-3 binding
to DE-CDCAT7 significantly reduced Ku80 binding. Therefore, 14-3-3 binding negatively
regulates Ku80 association.

Next, | examined another protein known to associate with CDCAY in the DNA damage
repair pathway complex, y-H2AX. In Figures 3.11, 3.12, and 3.13, | found that endogenous y-
H2AX immunoprecipitated with WT-CDCA7, T163A-CDCATY but not with DE-CDCAT. To
confirm that the R18 peptide substitution within CDCA7 as not preventing association
independent of 14-3-3 binding, I used a loss-o0f-14-3-3 binding version, termed KK, which
substitutes the D and E amino acids in the R18 peptide and completely prevents 14-3-3 binding.
Expression of KK-CDCAT7 rescued the y-H2AX association with CDCAY. Therefore, 14-3-3
binding negatively regulates y-H2AX association. Additionally, like Ku80, loss of 112-137 led to
increased association of y-H2AX (Figure 3.11).

I next asked if HELLs, when bound to the Lz region of 112-137, influences the
association of Ku80, as | found earlier (Fig 3.11) that this region negatively regulates Ku80/y-
H2AX association. It is possible that HELLS, when bound to the Lz, may compete with Ku80

for binding with CDCAY. To test this, HELLS or empty vector control was cotransfected with
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CDCA7 and immunoprecipitated. Figure 3.14 shows that while there was an increase in Ku80
detection when the 112-137 region was removed, there was no statistically significant decrease
in Ku80 detected when HELLS was cotransfected, indicating HELLS does not regulate this
interaction.

In summary, the constitutive 14-3-3 binding of CDCA7 (DE-CDCAT7) resulted in a
significant decrease in interaction of Ku80 and y-H2AX with CDCA7, and this interaction is
rescued to WT-CDCAY level by the removal of the D and E residues critical for 14-3-3
interaction with CDCA7 (KK-CDCAY7). Similarly, the loss of the Lz region of CDCA7 showed a
twofold enhanced interaction with Ku80, and the loss of Threonine 163 phosphorylation
(T163A-CDCAT7) showed a five-fold increase in interaction of Ku80 with CDCA7Y. These results
show for the first time that 14-3-3 is a modulator of CDCAZ7 interaction with NHEJ proteins
Ku80 and DNA damage protein y-H2AX, indicating 14-3-3’s role in mediating CDCA7

participation in NHEJ and DNA damage repair.
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Figure 3.11. Ku80, Ku70 and y-H2AX interact with WT-CDCA?7, and this interaction is enhanced by

prevention of 14-3-3 binding. A) Schematics of WT-CDCAY7, T163A-CDCA7, DE-CDCAY and KK-CDCA7
constructs used in the experiments in this figure. TL63A prevents phosphorylation of CDCA7 by AKT, , anti-

14-3-3, anti-FLAG, and anti-PT163 antibody. A reserved portion of the input was also immunoblotted.
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preventing 14-3-3 from binding CDCA7. DE-CDCAY is the replacement of the 20 amino acids
surrounding the T163 site with an R18 peptide (PHCVPRDLSWLDLEANMCLP). The “KK-CDCA7”
construct is the replacement of the D and E residues that form contacts with 14-3-3 and are substituted for
phospho-amino acids, resulting in complete prevention of 14-3-3 binding. B) CDCA7 or various truncated
versions including WT-CDCAY7, deltal12-137, T163A-CDCA7, DE-CDCAT were transfected into cells
and subjected to pulldown by FLAG immunoprecipitation followed by immunoblotting with an anti-
Ku80, anti-y-H2AX, anti-14-3-3, anti-FLAG, and anti-PT163 antibody. A reserved portion of the input
was also immunoblotted. C) CDCA7 or various truncated versions including WT-CDCA?7, deltal12-137,
and T163A-CDCAT were transfected into cells and subjected to pulldown by FLAG immunoprecipitation
followed by immunaoblotting with an anti-Ku80, anti-14-3-3, anti-FLAG, and anti-PT163 antibody. A
reserved portion of the input was also immunoblotted. D) CDCAY or various truncated versions including
WT-CDCA?7, deltal12-137, T163A-CDCA7, DE-CDCA7 and KK-CDCAT were transfected into cells
and subjected to pulldown by FLAG immunoprecipitation followed by immunoblotting with an anti-y-
H2AX
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Figure 3.12. y-H2AX interaction with CDCAY is regulated by 14-3-3. A) Schematics of WT-CDCA?7,
T163A-CDCAY7, DE-CDCA7 and KK-CDCAZ7 constructs used in the experiments in this figure. T163A
prevents phosphorylation of CDCA7 by AKT, preventing 14-3-3 from binding CDCAY. DE is the
replacement of the NLS signal of CDCA7 with a sequence that constitutively binds 14-3-3, while KK
replaces the D and E residues within that sequence causing 14-3-3 to not bind at all. B) Duplicate samples
of CDCAZ7 or various truncated versions including WT-CDCA7, T163A-CDCA7, DE-CDCAY and KK-
CDCA7 were transfected into cells and subjected to pulldown by FLAG immunoprecipitation followed by
immunoblotting with an anti-y-H2AX, anti-14-3-3, anti-FLAG, and anti-PT163 antibody. A reserved
portion of the input was also immunoblotted.
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Figure 3.13. Ku80, Ku70 and y-H2AX interaction with CDCA7 is regulated by 14-3-3. A) Schematics of
WT-CDCA7, T163A-CDCA7, DE-CDCAT and KK-CDCAT7 constructs used in the experiments in this figure.
T163A prevents phosphorylation of CDCA7 by AKT, preventing 14-3-3 from binding CDCAY. DE is the
replacement of the NLS signal of CDCA7 with a sequence that constitutively binds 14-3-3, while KK replaces
the D and E residues within that sequence causing 14-3-3 to not bind at all. B) CDCA7 or various truncated
versions including WT-CDCA7, T163A-CDCA7, DE-CDCAY and KK-CDCAY were transfected into cells and
subjected to pulldown by FLAG immunoprecipitation followed by immunoblotting with an anti-Ku80, anti-y-
H2AX, anti-14-3-3, anti-FLAG, and anti-PT163 antibody. A reserved portion of the input was also
immunoblotted.
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Figure 3.14. Ku80 interaction with CDCAY is enhanced by 112-137 deletion and is not regulated by
HELLS. A) Schematics of WT-CDCAY and deltal12-137-CDCA7 constructs used in this experiment. B)
CDCAY7 or various truncated versions including WT-CDCAY and deltal12-137-CDCAY7 were
cotransfected with HA-HELLS. Lysates were subjected to pulldown by FLAG immunoprecipitation
followed by immunoblotting with an anti-Ku80, anti-HA, anti-14-3-3, anti-FLAG, and anti-PT163
antibody. A reserved portion of the input was also immunoblotted.



No Effect by Doxorubicin on CDCA?7 association with NHEJ proteins was

Detected.

Doxorubicin causes DNA damage and has previously been shown to initiate DNA
damage repair that involves the DNA damage proteins Ku80 and y-H2AX (Kurz et al., 2004).
Further, others have shown that doxorubicin leads to increased AKT activation and
phosphorylation of DNA damage targets (Bezler et al., 2012), which could include CDCAT.
Therefore, my hypothesis is that doxorubicin-induced DNA damage could initiate a change in
association between CDCA7 and Ku80/y-H2AX.

To first confirm the efficacy of the drug, | performed a cell proliferation assay (Figure
3.16). HEK?293T cells were seeded, and various concentrations of doxorubicin was added. After
48 hours, cells were counted. Figure 3.16 shows that doxorubicin inhibited HEK293Ta cell

proliferation at all concentrations from 0.1 to 1.0 uM.
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Figure 3.15. Doxorubicin causes decrease in proliferation in HEK293Ta cells. 50,000 HEK293T cells
were seeded in 6 well plates. After 24 hours, various concentrations (0.1, 0.25, 0.5 and 1 uM) of doxorubicin
was added to each well vs Water as a vehicle control and allowed to incubate at 37 degrees incubator for 48
hours. Supernatant was collected, cells rinsed with PBS, cells trypsinized, trypsin deactivated by addition of
DMEM media, collected, and pelleted for 5 minutes at 1200 rpm. The supernatant was removed, and cells
resuspended in 1-2 ml of DMEM media. Cell suspension was mixed 50:50 with 0.25% trypan blue, and 15 ul
mounted on a hemocytometer and counted the number of viable cells. Multiple trials (>3) were conducted to
confirm results.
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Next, | wanted to see if there would be an effect of doxorubicin on CDCA?7 association
with NHEJ proteins Ku80 and y-H2AX. Figure 3.17 shows how no effect was detected in the
relationship of transiently transfected WT-CDCA?7 and endogenous Ku80 and y-H2AX for
response to doxorubicin, or proposed DNA damage. Water or 1uM doxorubicin was added to
HEK293T cells transfected with FLAG epitope tagged WT-CDCAY or FLAG epitope tagged
Empty Vector at 24 hours. Ku80 and y-H2AX was detected evenly indicating no significant
effect by doxorubicin versus water. This suggested no functional change in this relationship
caused by doxorubicin in HEK293Ta cells.

Finally, I investigated the possibility of a dose dependency of doxorubicin effect on

CDCATY function. Figure 3.18 shows an experiment where either Empty vector or WT-CDCA7

was subjected to 0.1, 0.25, 0.5, or 1 uM of doxorubicin. Water or doxorubicin was added to

Empty Vector or WT-CDCAT7 at 24 hours before harvest. Lysate was incubated with FLAG

beads. Samples were immunoblotted for anti-FLAG, anti-pT163, anti-14-3-3, and anti-y-H2AX.

y-H2AX, 14-3-3, and FLAG and pT163 was detected evenly in all transfected samples,

indicating no significant effect by doxorubicin versus water. This suggested no functional chan

in this relationship caused by doxorubicin in HEK293Ta cells.

ge
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Figure 3.16. No effect of doxorubicin on CDCAY interaction with DNA damage associated proteins
Ku80 and y-H2AX. Water or 1uM doxorubicin was added to HEK293T cells transfected with FLAG
tagged WT-CDCAY or FLAG tagged Empty Vector 24 hours before harvest. Cells were lysed, sonicated,
and immunoprecipitated with FLAG beads. Samples were western blotted for anti-ku80, anti-FLAG, anti-
pT163, anti-14-3-3, and anti-y-H2AX, and anti-pAKT. A portion of the input used for IP was reserved and
blotted. Anti-pAKT was detected in the lysate but not in the immunoprecipitated samples.
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Figure 3.17. No difference detected between various doses of doxorubicin on CDCAY interactions
with DNA damage biomarker y-H2AX in HEK293Ta cells. Water was used as a vehicle control where
doxorubicin was not added. Doxorubicin was added to HEK293T cells transfected with FLAG tagged WT-
CDCAY or FLAG tagged Empty Vector. Doxorubicin at concentrations of 0.1 uM, 0.25 uM, 0.5 uM, and 1
uM were added to samples 24 hours before harvest. Cells were lysed, sonicated, and immunoprecipitated
with FLAG beads. Samples were western blotted for anti-FLAG, anti-pT163, anti-14-3-3, and anti-y-
H2AX. Membrane was blotted for anti-Ku80 however none was successfully detected.
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Chapter 4: Discussion, Future Directions, and Conclusion

Discussion.

CDCAT7 is a transcription factor protein that plays a role in facilitating methylation,
NHEJ repair of DNA damage, apoptosis, cell proliferation, and cell cycle processes. It is
overexpressed in numerous cancers and plays a part in neoplastic growth. MYC, an important
tumour suppressor, requires interaction with CDCA7 for apoptosis to occur under stress. This
CDCAT7-Myc interaction is regulated by Akt phosphorylation and 14-3-3 binding (Gill et al.,
2013). Understanding the critical regions of CDCAY for interaction of various proteins with
CDCAT within the cell may shed light on its oncogenic properties and its function. This study
focused on identifying the critical regions of CDCA7 through immunoprecipitation experiments.

Various candidates for interaction with CDCAY7 are reported in the literature (Unoki et
al., 2019). HELLS, helicase lymphoid specific, was determined as a high interactor with
CDCAY7, and are both implicated in causing ICF syndrome (Unoki et al., 2019; Jenness et al.,
2018). Using truncation mutations and immunoprecipitation experiments, the region of
interaction with HELLS was mapped to amino acids 112-137 on CDCAY7. This was interesting
since analysis of this region contains a putative leucine zipper domain (Figure 3.5) (Osthus et al.
2005). The 4 leucine residues of Leucine-115, Isoleucine-122, Leucine-129, and Leucine-136 all
perfectly space 7 amino acids apart are predicted in Pymol to form a coiled coil motif and
together conform to the classical Leucine Zipper consensus sequence (Figure 3.5). As well, it is
interesting to note that in clinical examples of ICF syndrome 3, the ICF3 (CDCAY) familial
mutations recorded are within the C-terminal Zinc Finger DNA binding region and not yet found

within the putative N-terminal Leucine Zipper domain. This theoretically could be due to a
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mechanism where the Leucine Zipper region is necessary for binding and recruitment of HELLS,
but the R274H and other ICF mutations (Thijssen et al., 2015) are necessary for the bipartite
nucleosome remodeling activity HELLS and CDCA7 perform to allow for methylation by
DNMT3b. Alternatively, since ICF3 a very rare syndrome, and only a limited number of cases
have undergone genetic analysis for the involvement of CDCA7, my work suggests that
homozygous mutations of the cdca? allele in ICF3 patients may uncover mutations within the Lz
region. This work potentially provides insight into epigenetic control of methylation by DNMT3
proteins, the necessity of complex DNA binding procedures and recruitment of necessary
proteins, and how such pathologies such as ICF and cancers occur when this process is disrupted.
The study of epigenetics in the context of cancer is one method researchers are pursuing
in the quest of potential treatment. Methylation and phosphorylation are two types of epigenetic
post translational modifications that are either directly or indirectly experienced or caused by
various proteins. Inhibition of methylation via DNA methyltransferases and PKI’s (Protein
Kinase Inhibitors) have been demonstrated by the literature to be a promising approach for
cancer therapy. While CDCAY7 is shown to be mutated and therefore inhibited in ICF syndrome
resulting in hypomethylation of critical satellite repeats resulting in instability of chromosomes.
Investigating this pathology may not only allow for therapeutic benefits for pathologies and
cancers caused by hypomethylation but may also uncover a method of therapeutic benefit for
other pathologies such as cancers of the colon, ovaries, etc. where there is hypermethylation and
overstimulation of the PI3K pathway as evidenced by overstimulation of downstream targets
such as AKT (Giri et al., 2019). Additionally, the main hindrance of current DDR-associated
therapies is tumor resistance mediated by compensatory survival signaling after DNA damage,

permitting cancer cells to escape cell death (Alemi et al., 2022).
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AKT, a kinase involved in many cell signaling processes such as apoptosis and cell cycle
arrest, has been shown be directly involved in DNA damage repair. DNA damage-induced AKT
activation mechanisms remain to be fully understood. DNA-PK (DNA-protein kinase) and other
PIKKs, such as ATM and ATR, critical for DNA damage repair, also promote activation of the
kinase AKT, a critical mediator of cell survival under stress conditions. In cancer cells, DNA
DSBs induced by radiation and chemotherapeutic drugs, such as topoisomerase inhibitors such
as doxorubicin, mainly induce DNA-PK—dependent phosphorylation of AKT, activating
downstream targets involved in DNA damage repair. This provides cancer cells with an
increased ability to repair DSBs and escape cell death. Thus, an extensive understanding of AKT
activation mechanisms and the identification of target proteins, such as CDCA7, are pivotal to
the success of future cancer therapies.

AKT phosphorylates CDCAY7 in the nucleus and causes the sequestration of CDCAT7 by
14-3-3 to the cytoplasm, regulating its location and capabilities in the cell (Gill et al., 2013). In
this study, | showed how Ku and y-H2AX, DNA damage response proteins, interaction with
CDCAT7 is regulated by 14-3-3. | have not shown here that when AKT was prevented from
phosphorylating CDCA7, the interaction with Ku/y-H2AX is altered. A future experiment could
test this by either pharmacological inhibition of AKT, or mRNA knockdown. This is interesting
since the ku80/ku70 complex is critical for the stabilization of exposed double stranded DNA
broken ends to allow for repair by the NHEJ (Non-homologous end-joining pathway), and it
facilitates the accumulation of phosphorylation of histone 2 AX (y-H2AX) foci, and these foci
are direct 1:1 indicators of DNA damage (Kinashi et al., 2011). This interaction of NHEJ protein

Ku80 and DNA damage marker with CDCA7 thus could be regulated by phosphorylation of
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AKT, promoting 14-3-3 binding, and provide a potential connection between AKT and the DNA
damage response.

Consequently, the dysregulation of CDCAZ7 is thought to play a significant role in the
manifestation of various phenotypes, such as the ICF3 phenotypes characterized by multiradial
chromosomal configurations resulting from genomic instability, as well as the development of
diverse types of cancers. A fascinating observation is the connection between the involvement of
repair proteins in the non-homologous end joining (NHEJ) pathway and V(D)J recombination
during immune cell development, particularly in the processing of heavy chains critical for B cell
maturation (Blanco-Betancourt et al., 2004; Dai et al., 2003).

Consistently observed in both ICF3 (CDCA7 mutant) and ICF4 (HELLS mutant) patients
is a phenotype associated with agammaglobulinemia, where naive B cells are present, but
memory and gut plasma cells are absent (Blanco-Betancourt et al., 2004). It is plausible that this
phenotype arises due to the misregulation of CDCA7 and HELLS, as they are involved in NHEJ
processes. The mutation of CDCAY potentially leads to NHEJ dysfunction, resulting in the
deficiency of mature B cells, as manifested in individuals with ICF syndrome.

Additionally, it is possible that the consensus phosphorylation site of T163, even though
it is a known AKT target, could also be targeted by other AGC kinases that are present in a
complex. For example, Pariel et al. showed that Aurora B kinase may phosphorylate CDCA7 and
regulates its role in providing mitotic spindle activity and stability, and it is also shown to be
highly poly(ADP-ribosyl)ated in response to DNA damage, inhibiting its intrinsic kinase
function (Monaco et al., 2005; Pariel et al., 2018). Furthermore, it is possible that

phosphorylation of CDCA7 by AKT or another AGC kinase could regulate Ku/y-H2AX
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association, while HELLS is only dependent on the presence of the Leucine Zipper region. This
shows the different ways CDCAT7 could be the hypothetical target of multiple possible kinases.

Several caveats need to be addressed regarding this study's findings on the relationship
between CDCA7 and HELLS. Although the immunoprecipitation experiments demonstrated a
clear interaction between HELLS and CDCAY7, it is important to note that these experiments
relied on the detection of an overexpression of FLAG epitope tagged CDCA7 and HA epitope
tagged HELLS through immunoblotting. Consequently, the detection of CDCA7 and HELLS
was only indirect, achieved via immunoprecipitation. Moreover, it is crucial to acknowledge that
co-immunoprecipitation alone does not provide conclusive evidence of direct binding; it merely
suggests that CDCA7 and HELLS may potentially be present together in a complex. Therefore,
caution should be exercised in interpreting the results as definitive proof of a direct binding
interaction between CDCA7 and HELLS. Furthermore, an enhanced presentation of these
findings would include a control group of exclusively agarose beads, serving as a baseline to
account for potential background binding with the beads.

Since the Lz is necessary for precipitation of HELLS with CDCA7, this could mean that
the Lz potentially interacts with Lz within HELLS to promote heterodimerization, however
HELLS does not contain an apparent Lz motif (L-X6-L) motif. Another possibility is that
HELLS only interacts with CDCA7 when CDCAY7 as a dimer, and the Lz is necessary for
CDCAT7 to homodimerize. However, this is unlikely since Gabor et al. showed that deletion of
amino acids 112-137 does not disrupt CDCA7-CDCAT association by co-expressing HA-
CDCA7 with FLAG-delta (112-137), and showed their precipitation was equivalent to wildtype
with wildtype. Thus, at present, we do not know how CDCA7 and HELLS interact, and even if it

is direct interaction (Gabor et al., 2018).
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Future Directions.

Future experiments would investigate direct interaction between endogenous proteins.
These experiments would include demonstrating endogenous proteins interact by in vitro
association studies such as purified GST-CDCA7 precipitating recombinant purified HELLS. To
further investigate the interaction of CDCA7 and HELLS, a cell line of knockout CDCA7 or
deltal12-137-CDCAT7 could be generated in mouse embryonic fibroblasts. Transiently co-
expressing HELLS or staining for endogenous Ku80 or y-H2AX should show an affect on
interaction with CDCAY7 by precipitation.

The doxorubicin experiments showed no significant effect on CDCA7 and associated
proteins. Since doxorubicin has the capacity to stop the cell cycle since it is a topoisomerase
inhibitor preventing DNA replication, it is possible there is no affect due to cell proliferation
being halted. Additionally, it may due to the nature of HEK293Ta cells requiring a significantly
higher or lower dose, and the growth assay and the immunopreciptiation assay varying
components such as varying in numbers of cells seeded, the number of days after seeding
doxorubicin was added, and the time of doxorubicin incubation. These results generated could be
due to a flaw in the experiment design or perhaps there is no significant effect on CDCA7 by
doxorubicin to be determined.

Future experiments would require several improvements in the protocol on utilizing
doxorubicin as a DNA damage inducing reagent. These include decreasing the number of cells to
allow for space to proliferate in the presence of the DNA damage reagent and increasing the
incubation time of the cells in the presence of the DNA damage reagent. Additionally, attempting
the experiment in other types of cell lines such as ovarian cancer or breast cancer cell lines

would perhaps allow for a more significant affect on Ku80, y-H2AX and CDCAY interaction. To
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further investigate the functional effect of CDCATY role in DNA damage, a cell line of knockout

CDCAT7 or deltal12-137-CDCA7 could be generated in a breast cancer cell line or in mouse

embryonic fibroblasts and incubating in the presence of doxorubicin. Transiently co expressing

HELLS or staining for endogenous Ku80 or y-H2AX should show an affect on interaction with
CDCAT by immunoprecipitation and high levels of DNA damage when conducting a dose

dependent or time dependent experiment.

To explore the possibility of HELLS regulation of DNA damage repair by NHEJ through

CDCA7, mutant constructs of CDCA7 with various versions of the Lz could be incorporated.
Additionally, to explore the involvement of 14-3-3, the T163A, DE, and KK constructs of

CDCAT7 could be included to investigate its relationship with Ku80, y-H2AX, and CDCA?7.

Conclusion.

In conclusion, CDCAZ7 plays a crucial role in maintaining genomic stability by
participating in various DNA repair processes and DNA methylation. Its interactions with
HELLS, Ku70, Ku80, and y-H2AX highlight its multifunctional nature in coordinating
nucleosome remodeling, DNA damage repair, and support of DNA methylation. The
identification of a putative leucine zipper motif for CDCAT's association with HELLS and the
regulatory role of phosphorylation-mediated 14-3-3 binding in CDCAT's interactions with
Ku70/80 and y-H2AX further elucidate the intricate mechanisms underlying its functional
versatility. Understanding the intricate network of interactions involving CDCA7 provides
valuable insights into the pathogenesis of ICF syndrome as well as various cancers and

contributes to overall understanding of the maintenance of genome integrity.
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Figure 4.1 A) DNA damage biomarkers Ku80 and yH2AX, and this interaction is regulated by 14-3-3.
14-3-3 binds to the phosphorylated Threonine 163 site of CDCA7. When this phosphorylation is prevented by
the mutation of Threonine to Alanine, this causes the interaction of y-H2AX and ku80 with CDCA7 to be
enhanced. B) CDCAY interacts with HELLS via the postulated leucine zipper region HELLS binds to the
putative leucine zipper region of CDCA7, amino acids 112-137. When this region is removed, association with
HELLS is prevented.



Appendix:

Site Directed Mutagenesis of HELLS Coiled-Coil Region.

| attempted to create HELLS truncation mutations and used Eurofins primer design tool
to generate primers. A forward primer F’-GTTATATCATGGAACCCAGGAGG to create an N-
terminal stop codon single base pair mutation was designed for Sanger Sequencing to confirm
successful mutagenesis. A forward primer F’-GAAAAGGCTCGCATGTCTTGG and reverse
primer R’-GGCCGGGGTAATCACAGC were created to delete the amino acids 30-50 within
the “coiled coil” region amino acids 30-115 of HELLS. Annealing temperatures were adjusted
+/- 5 degrees Celsius of 67 degrees Celsius. However, all attempts to create any mutations
despite changing the annealing temperature, timing, etc. were to no avail. The project was

subsequently abandoned.

Antibodies.

Table A.1. Antibodies used for Immunostaining during Western blotting.

Primary Antibody Concentration | Secondary Antibody Concentration
Anti-Mouse monoclonal 1:10,000 800CW 1:10,000
Anti-FLAG
Anti-rabbit Anti-Pt163 1:1000 680LT 1:20,000
680 RD 1:10,000
Anti-mouse anti-HA 1:1000 800CW 1:10,000
Anti-rabbit Anti-14-3-3 1:1000 680LT 1:20,000
680 RD 1:10,000
Anti-rabbit anti-y-H2AX 1:1000 680LT 1:20,000
serine 139 680 RD 1:10,000
Ku80 1:1000 680LT 1:20,000
680 RD 1:10,000
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List of Common Reagents.

All aqueous acids, bases, and alcohols were purchased from the store in Petrie Science and
Engineering building at York University.

Table A.2. Common reagents purchased from BioShop Canada.

Name Catalog No.
Ethylenediaminetetraacetic acid (EDTA) EDTO002
Sodium Acetate (NaCH2COOH) SAA304
Sodium Chloride (NaCl) SOD004
Sodium Dodecyl Sulfate (SDS) SDS001
Tris (tris(hydroxymethyl)aminomethane) TRS001
Tris-hydrochloride (HCI) TRS004

Table A.3. Common reagents purchased from BioRad.

Name Catalog No.
Ammonium persulfate 1610700
Precision Plus Protein Dual Color Standards, 500 ul 1610374
20x XT MOPS Running Buffer 1610788
10x PBS (Phosphate Buffered Saline) 1610780
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