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Abstract

Cancer cells acquire a number of abnormal epigenetic and / or genetic properties. These
enable cancer cells to grow, spread and escape the action of therapeutic and immunologic
targeting. An important feature of many cancers is the re-activation of a set of genes which
are normally expressed during distinct development stages. These genes include the germline
genes. Cancer Testis Antigen (CTA) genes are normally expressed in male germ cells in the
adult testes and variety of cancer cells. Understanding this group of genes has great
significance in cancer biology. This research is aimed at investigation of the functions of two
germ specific CTA genes, namely PRDM9 and TEX]9, both of which are activated in several

kinds of tumours.

PRDM?9 has histone methyltransferase activity to coordinate meiotic recombination hotspot
activation. Activity the murine orthologue of human PRDM9, Meisetz, has been described as
a meiotic recombination activator which is also involved in regulation of transcription for
other meiosis specific genes. This current research indicates that PRDM9 can affect cancer

cell proliferation and may transcriptionally regulate other germline genes in cancer cells.

TEX19 functions in the germ line to mediate an array of process. TEX19 has recently been
demonstrated to be an oncogenic driver with potential role in self-renewal and proliferation of
cancer cells. This current research confirmed that TEX19 depletion affects proliferation of
cancer cells. Also, it was found that siRNA depletion of TEX19 caused considerable decrease
in histone H3K9Ac, showing a potential contribution of TEX19 to epigenetic regulation of
chromatin and / or chromosomal dynamics. Finally, we found that TEX19 might control L1-
ORFl1p, which is a protein encoded by LINE-1 that is needed for retro-transposition. This
feature shows both commonalties and distinctions to the reported activities of murine
Tex19.1. This might reflect fundamental species differences, or specific 7TEX/9 functions in
cancer cells. We put forward a model in which we propose TEX19 functions in oncogenesis

as a nucleic acid mimetic.
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Chapter 1

Introduction



Introduction

1.1 Cancer

1.1.1 Cancer overview

Cancer is both a leading cause of death and a major impediment to life expectancy
across the globe (Jemal et al., 2011; Bray et al., 2018). Evaluations from the World
Health Organization (WHO) in 2015 found cancer to be the first or second cause of
death before age 70 in 91 out of 172 countries; it was ranked third or fourth in 22

countries (Bray et al., 2018).

Cancer is broadly defined as a disease caused by aberrant cell division leading to
tumours (Cavallo et al., 2011). Uncontrolled cell division in benign tumours can
transform them into malignant tumours (Aly, 2012). Cancer cells proliferate rapidly
and aggressively due to the inhibition of natural cell cycle regulatory mechanisms
(Jayashree et al., 2015). Cancerous diseases are classified one of two ways; based on
the organ of origin, as in prostate, lung, or breast cancer, or tissue origin, as in
sarcoma in supportive tissues and muscles, carcinoma in the epithelium, myeloma in
plasma cells inside the bone marrow, and leukaemia in white blood cells (Siegel et al.,

2012).

Malignant tumour cells can migrate to other organs of the body via the lymphatic or
vascular systems, a process called metastasis, where they seed and form secondary
tumours (Figure 1.1) (Fridman et al., 2014). Cancer is thought to emerge as a result of
an accumulation of epigenetic or genetic modifications leading to mutations or
chromosomal abnormalities (Wodarz & Zauber, 2015; Roy et al., 2017). Such
alterations often involve DNA repair, cellular metabolism, chromosome segregation,
and DNA duplications; also, mistakes in chromosome segregation or DNA repair can
change cellular ploidy (Soto et al., 2017). In addition to biological factors driving
cancer incidence and death rate, other features such as lifestyle, geographical location,
and economic status have also been implicated, although all these factors are not

mutually exclusive (Bray et al., 2018).



Global statistics for 2018 indicate a 9.6 million cancer death rate with 18.1 million
newly diagnosed cancer cases in that year. In both sexes, lung cancer is the most
commonly diagnosed, followed by cancer of the prostate or breast, colon or rectum,
stomach, liver, and other organs. Lung cancer accounts for 18.4% of all cancer deaths
(Bray et al., 2018). Twenty million cancer cases are expected by 2025 based on global

epidemic evaluations (Bray, 2014).
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Figure 1.1 Phases of metastatic cancer. Primary tumours invade the basement

membrane, specifically epithelial tissues, resulting in a loss of supporter junctions.
Cells then move into the invasion process. Once cells enter the circulatory system,
they can produce new cancers in different microenvironments (Taken from
Djamgoz et al., 2014).



1.1.2 Types and causes of cancer

While determining the causes of a specific incidence of cancer remains challenging,
some external factors such as chemical or radiation exposure (Barnes et al., 2018),
smoking, or heavy alcohol consumption have been shown to increase cancer risk
(Roswall et al., 2015). Environment, lifestyle and obesity have also been linked to
cancer (Steele et al., 2017). Biological agents such as Hepatitis B or C viruses can
also cause cancer in humans (Ringehan et al., 2017). Papillomavirus infection was
specified as a significant risk factor for squamous cell carcinoma of the head and neck
(Agalliu et al., 2016). A recent study found that alcohol is an important risk factor for
several cancer types including cancer of the breast, liver, oropharynx and mouth
(Hirko et al., 2016; Buykx et al., 2015). In addition, global alcohol consumption-
related deaths increased from 3.6% in 2002 to 5.5% in 2012 of all cancer cases (Praud
et al., 2016).

Cancers are partly attributed to molecular changes at the epigenetic and genetic levels
that interfere with patterns of gene expression, effects of which include changes to
levels of regulatory proteins or RNAs (Roy et al., 2017). For breast, prostate and
colon cancers, genetic causes are thought to account for from 30% to 40% of an
individual’s risk (Wu et al., 2018). Epigenetic changes are thought to happen early in
the development of tumours (Toiyama et al., 2014); in particular, genomic DNA
hypomethylation occurs repetitive regions that affect gene activation. A loss of
genome stability caused by activated or inactivated epigenetic regulatory proteins may

also occur upon deregulation of epigenetic machinery (Hatzimichael et al., 2013).

1.1.3 Cancer Biomarkers

Early detection of cancer can decrease the risk of death. A cancer biomarker refers to
any structure, process or substance that can be detected in the body that indicates the
presence of cancer. Such biomarkers may be uncovered via examination of
biomolecules such as nucleic acids (RNA or DNA), peptides or proteins, or other
biochemical abnormalities. Biological factors suggesting the presence of cancer

include transcriptional changes, post-translational modifications, and mutations in
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somatic or germline cells (Henry & Hayes, 2012; Goossens et al., 2015; D’ Andrea et
al., 2017).

Prostate-specific antigen (PSA) is a commonly assayed cancer biomarker for prostate
cancer. This biomarker is used to screen patients, determine their stage of cancer, and
evaluate their potential response to therapy (Fabris et al., 2016). Alpha-fetoprotein
(AFP) is a significant biomarker long used to reveal hepatocellular carcinoma (HCC)
(Lai et al., 2012; Lou et al., 2017). A transmembrane protein known as Golgi protein
73 (GP73) located in the Golgi complex is frequently found in patients with liver
abnormalities (Lou et al., 2017).

In addition to revealing early stages of cancer, cancer biomarkers also help determine
treatment protocols for patients, distinguish between malignant and benign tumours,
and recognize individual tumour types. For at-risk individuals, compulsory screening
for cancer biomarkers could decrease overall cancer morbidity rates greatly (Burstein

etal., 2011; Wu &Qu, 2015).

1.1.4 Hallmarks of cancer

Although the biology of cancer is extremely complex, important common features
have been revealed over the last decade. Complications can be decreased through the
identification of certain cancer hallmarks (special and complementary abilities) that
promote tumour growth and malignant tumour invasion. These factors shape an
organizing structure for understanding the diversity of these diseases (Wang et al.,
2015). In 2000, Weinberg and Hanahan (2000) suggested six cancer hallmarks which

indicate a transformation from normal to cancerous cells; they are as follows:



(1) Self-sufficient growth is enabled.

(2) Growth suppressors are evaded; that is, cancer cell division occurs due to
the loss of growth inhibitory signals.

(3) Programmed cell death is evaded; that is, cancer cells avert the apoptosis
that is fundamental for the expulsion of damaged cells.

(4) Angiogenesis is stimulated to provide tumours with the nutrients and
oxygen necessary for survival.

(5) Cells carry out unlimited replication following the evasion of cell death
that is supposed to occur when cells reach a certain density.

(6) Tumours invade tissue and expand to other organs in a process known as

metastasis.

Hanahan and Weinberg added four more hallmarks of cancer in 2011: deregulation
and reprogramming of energy metabolising pathways, immune system evasion,
genomic instability leading to mutation, and tumour-promoting inflammation

(Hanahan & Weinberg, 2011) (Figurel.2).

Sonnenschein and Soto (2013) proposed that cancer was not simply an uncontrolled
proliferation event but involved altered signalling regulation by cancer cells. These
researchers thus described cancer as an evolving, multifactorial process in a particular

tissue (Sonnenschein & Soto, 2013).

Based on sequence methodologies, mRNA splice factors have also been linked to the
development and metastasis of cancer (Oltean & Bates, 2014). RNA splicing
contributes to the development of disease by modifying RNA transcripts implicated in
cancer hallmark processes (Urbanski et al., 2018); specifically wherein splicing
alterations are promoted or restricted by mutations near or within splice sites leading

to aberrant splicing of genes that code for tumour suppressors (Dvinge et al., 2016).
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Figure 1.2 Hallmarks of cancer. Hallmarks that indicate cancer cell immortality as
illustrated by Hanahan and Weinberg (2011).

1.1.5 Treatment for cancer

Cancer often goes undiagnosed until it is at an advanced stage when cancerous cells
transform into metastatic cells and symptoms of tumour growth become visible. Any
delay in diagnosis can have a negative impact on the efficacy of cancer therapy
(Richards et al., 2017; Wardle et al., 2015). Conventional cancer therapies include
radiation therapy, surgery, chemotherapy or some combination thereof (Meretoja et
al., 2017; Shamsi & Islamian, 2017). One of the most frequently used therapeutic

pathways is radiation, or radiotherapy, which uses gamma rays and X-rays to shrink



tumours. Radiotherapy can treat even early phase tumours (Wang et al., 2019), but it
also affects normal tissue surrounding the tumour and causes unpleasant side effects
such as nausea, skin irritation, fatigue and hair loss (De Ryck et al., 2015; Brown,

Kirkbride & Marshall, 2015).

Surgical intervention is another effective therapy for removing solid tumours, and
normal tissue around the lesion is usually removed as well to ensure all cancerous
tissue has been excised. Despite this, however, tumours can return (Aly, 2012; Aris &
Barrio, 2015). Chemotherapy attacks cancer cells directly to inhibit or reverse tumour
growth or effect tumour cell death (Florea & Biisselberg, 2011). These therapies can
prevent cell division, inhibit DNA repair and interrupt DNA synthesis to prevent cell
growth and division. These therapies also affect normal cells, also, leading to side
effects such as hair loss, nosebleeds, stomach ache, fatigue, anorexia, anaemia, and

vomiting (Kreamer, 2014).

A relatively new avenue in cancer treatment is immunotherapy. This modality uses B-
cells, T-cells and natural killer cells to target and destroy cancer cells (Harris &
Drake, 2013; Thor, Straten & Garrido, 2016). In many cases, the patient’s immune
system alone is unable to eradicate cancer cells because tumours develop immune
evasion mechanisms. Immune system therapeutics have been developed to enable the
immune system to override oncogenic inhibition (Medina & Adams, 2016; Aly,

2012).

1.2 Tumorigenesis

In healthy cells, growth and differentiation are strictly regulated by well controlled
mechanisms. An absence of cell proliferation control is a hallmark of cancerous cells.
Oncogenes, genomic stability genes and tumour suppressor genes are often implicated
in initiating tumourigenesis. These genes are critical to repairing damaged DNA and
are also involved in chromosomal segregation and recombination (Negrini, Gorgoulis

& Halazonetis, 2010; Hanahan & Weinberg, 2011; Ferguson et al., 2015).



1.2.1 Oncogenes

Proto-oncogenes are genes that regulate cell development by promoting cell division
and prohibiting cell differentiation or death. Mutations in these genes often transform
them into oncogenes that stimulate the evolution of cancer. Such mutations may
increase the transcription levels of proteins or facilitate chromosomal translocations;
these genes often work in combination with other oncogenes (Whitehurst, 2014; Roy
et al., 2017). Oncogenes code proteins involved in a range of cellular process
including apoptosis, induction of transcription factors, chromatin remodelling,
production of hormone receptors, and growth regulation (Croce, 2008; Bagci &
Kurtgdz, 2015). An example of oncogenes is the RAS family of gene. In humans, the
four RAS proteins NRAS, HRAS, KRAS4A and KRAS4B coded by the three RAS
genes participate in the coordination of cell signalling, and cell development and
survival. Mutations in Ras oncogenes have been linked to roughly 30% of all cancer

types (Pylayeva-Gupta, Grabocka & Bar-Sagi, 2011; Croce, 2008).

Viral oncogenes are able to initiate and guide the growth of cancer types arising
from viral infections. Viral oncogenes can insert promoters into the DNA of the
host and can transform proto-oncogenes into oncogenes, such as transcription
factors (Santiago-Ortiz & Schaffer, 2016). Enhanced expression of transcription
factors can modify the expression patterns of oncogenes or tumour suppressor
genes (Ranzani et al., 2013). For example, in humans, the human papillomavirus
(HPV) has been linked with many benign tumours such as warts and human
herpesvirus 4 (EBV). EBNA-1 is a trans-activator of viral and host genes and has
also been implicated in oncogenesis (Kang & Kieff, 2015; Rodel et al., 2018).

1.2.2 Tumour suppressor genes

Tumour suppressor genes (TSGs) are those that protect healthy cells from becoming
cancerous. Mutations in TSGs can lead to the development of cancer (Llinas-Arias &
Esteller, 2017). TSGs are important for controlling the cell cycle and apoptosis. Loss
of function in these genes can cause disruptions to cell cycle control and lead to

uncontrolled cell proliferation, a hallmark of cancer (Weinberg, 2013).



TP53 is an important tumour suppressor gene reported to fight cancer cells. P53
pathway of cell migration and tumour suppression is based on transcriptional
regulation (Muller & Vousden, 2013; Stracquadanio et al., 2016). P53 inhibits cell
cycle progression and controls apoptosis, and somatic genetic alterations in the 7P53
gene have been detected in more than 50% of all cancer genomes (Stracquadanio et
al., 2016; Kandoth et al., 2013). Reduced or inhibited P53 activity is a frequent

precursor of metastasis (Parrales & Iwakuma, 2015).

1.2.3 Genome Stability Genes

The maintenance of genome stability is also important for healthy cells (Yao & Dai,
2014). Biological changes that bring about genomic instability include point
mutations and chromosomal rearrangements (He et al., 2018; Ferguson et al., 2015).
Changes in DNA sequences and epigenetic alterations cause genomic instability via
chromatin assembly changes, DNA methylation and histone modifications (Choi &

Lee, 2013; Katto & Mahlknecht, 2011).

Genome stability genes are primarily responsible for repairing DNA damage that
occurs upon exposure to mutagens or during DNA replication (Negrini, Gorgoulis &
Halazonetis, 2010; Chian et al., 2018). Genome stability genes also participate in
meiotic recombination. Genome stability genes have been implicated in breast cancer,
most notably BRCAI and BRCA2; these genes assist with DNA repair and are also
active in ovarian cancers (Trego et al., 2016). During oncogenesis, changes to other
genes in combination with mutations in genome stability genes can result in tumour

development (Janssen & Medema, 2013).
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1.3 Cancer/Testis Antigens

1.3.1 Cancer/Testis Antigens Overview

The first CTA gene, melanoma antigen-1 MAGE-AI, was isolated in melanoma
patients in the early 1990s (van der Bruggen et al., 1991). Old and Chen were the first
to use the term cancer testis antigen (CTA) for this type of tumour-associated antigen
(TAA), due to their limited presence in somatic tissues (de Carvalho et al., 2012).
CTAs are protein antigens only normally present in male germ cells in the adult testes

and not in healthy somatic cells (Li et al., 2017; Whitehurst, 2014; Yang et al., 2015).

Cancer testis (CT) genes are widely expressed at different levels that vary by tumour.
Generally, CT genes are minimally expressed in leukaemia and lymphoma, and
pancreatic and colon cancers. They are strongly expressed, however, in melanomas
and ovarian and lung cancers (Caballero & Chen, 2009). Techniques used to examine
CTA gene expression in cancerous cells and testes include post-genomics informatics
technologies and cDNA oligonucleotides analyses (Lawrence et al., 2014; Wang et

al., 2016).

Immune privilege is an important adaptive process to conserve particular tissues from
the harmful impact of immune responses. In mammals, immunoprivileged tissues
include the testes, the eyes and the brain (Caspi & Stein-Streilein, 2014). These
tissues have the ability to accept immunogenic antigens. The aim of the
immunoprivileged nature of specific tissues is to curb an expanded immune response
that could damage the biological functions of the tissues (Chen, Deng & Han, 2016).
In the testes specifically, the immune system is blocked from affecting germ cells by
preventing their reaction to the immune system (Bhushan et al., 2016; Chen, Deng &
Han, 2016). The isolation of late phases of germ cells from the immune system via the
blood—testes barrier (BTB) is generally believed to be an important mechanism of the
immune privilege of the testis. The tight junctions between adjacent Sertoli cells that
shape the BTB in germ cells. The BTB helps to drive the CTAs to be immunogenic
when produced in cancers (Hirohashi et al., 2016; Morgan et al., 2013).
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1.3.2 Cancer-Testis Antigens Gene Classification

Based on large data set (https://www.ncbi.nlm.nih.gov/gene), such as the CT database

(http://www.cta.Incc.br), the human genome has been postulated to contain

approximately 277 CT genes classified in to 44 gene families (Gordeeva, 2018). CTA
genes can be classified based on their chromosomal location. First, X-CTA genes are
found on the X chromosome and are generally expressed in the placenta and the testis
spermatogonial genes. XAGE-2, XAGE-3, MAGE-8, MAGE-A10 and NY-ESO-1 are
recognized examples of X-CT genes (see Figure 1.3). X-CTA genes are generally in
large paralogue families accounting for more than 50% of all CTA genes (Caballero
& Chen, 2009; Kalejs & Erenpreisa, 2005; Rajagopalan et al., 2011; Stevenson et al.,
2007). Second are the non-X-CTA genes, which are located on the autosomes. Most
non-X-CTAs perform roles in spermatogenesis and fertilization during the meiosis
phase and or post-meiotitic phase. CP-1, SPAGY and SPOI1 are examples of non-X-
CT genes (Almeida et al., 2008; Caballero & Chen, 2009; Suri et al., 2015).

CTA genes can be further categorised into several groups according to their
expression profile. Firstly, testis-restricted CTA genes are expressed only in the testis,
placenta and at least one cancer type. Secondly, testis-brain-restricted CTA genes are
expressed in the central nervous system (CNS), adult testis and at least one cancer
type. Thirdly, testis-selective CTA genes are expressed in the testis, two somatic
tissue types and one or more cancer types. Fourthly, testis-brain-selective CTA genes
are expressed in the testis, CNS tissue, no more than two normal tissue types and one

or more cancer types (Hofmann et al., 2008).
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Figure 1.3 Examples of X-CT genes on the X chromosome. Diverse families of
CTA genes are seen on the X chromosome (Caballero & Chen, 2009).

1.3.3 Cancer/Testis Antigens Gene Expression

Generally, most X-CTA family members are specifically expressed in mitotically
active spermatogonia cells of the testes, although several are also expressed in
placental cells. Non-X-CTA genes are expressed in the nearly late phases of germ
cells differentiation (Stevenson et al., 2007). The examination of messenger RNA for
CTA genes has also shown limited expression in non-germ line tissues. One
postulated defining feature of CTA genes is that in non-germline tissues they are
transcribed at less than 1% of their expression level in the normal testis (Caballero &

Chen, 2009; Hemminger et al., 2014).

Generally, epithelial cancers, including bladder, prostate and breast cancer, have
moderate CTA gene expression. Some studies have shown that CTA genes have a
tendency to be co-expressed in similarly positive tumours. The expression of CTA
genes usually appears raised in subsequent clinical phases, depending on the stage of
the tumour (reviewed in Caballero & Chen, 2009). In bladder cancer, for example,
NY-ESO is usually down-regulated, with no detectable expression in Stage 1 tumours,

but 23% of Stage 2 tumours appear to exhibit expression (Kurashige et al., 2001). In
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terms of cancer prognostics, the protein levels of CTAs have been examined in
various cancer and normal tissues. For instance, SCP-1, NY-ESO-1 and MAGE-A
proteins have been assessed in several cancer tissues, and it was found that patients
with these proteins in their tumours produced antibodies against these CTAs
(reviewed in Caballero & Chen, 2009). CTA gene expression studies have shown
different results in cases of cancer prognostics. In glioblastoma patients, some CTA
genes (CTCFL, XAGE3 and OIP5) were examined, and the results showed that the
survival period of OIP5 expressing patients was better than that of OIP5 non-
expressing, negative patients (Freitas et al., 2013). In other research, it was found that
positive MAGEAI expression, particularly at the time of diagnosis, could possibly

predict distant metastasis in osteosarcoma patients (Zou et al., 2012).

Abnormal production of PRDM-family proteins is usually related to cancer
development, especially in colorectal cancer, leukaemia, breast cancer and cervical
cancer (Hohenauer & Moore, 2012). In the PRDM family, only PRDM9 is considered
to be a meiosis-specific protein. RT-PCR analysis found the expression of PRDM9 in
various cancer types, including breast cancer, colon cancer, ovarian cancer, leukaemia

and melanoma (Feichtinger et al., 2012).

1.3.4 CTAs in cancer cells

When meiotic and other germ line genes are activated during oncogenesis, they are
thought to guide both maintenance and support functions associated cancerous states
across a range of cancer types (Simpson et al., 2005; Rousseaux et al., 2013;
Whitehurst, 2014; McFarlane et al., 2015).

Cancerous cells and germ cells have certain characteristics in common.
Tumourigenesis is linked to the stimulation of germ line genes found in cancerous
cells (Rousseaux et al., 2013; McFarlane et al., 2015; Garcia-Soto et al., 2017).
Several studies have implicated CTA genes in the initiation and progression of cancer,
suggesting that activation of CTA genes in tumours may underlie critical aspects of
cancer. Figure 1.4 shows instances of CTA genes and their suggested cancerous

properties.
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Some CT genes have been directly associated with the growth and development of
cancer cells. SSX2 is a DNA binding protein that regulates chromatin structure.
Knockdown of the SSX2 gene in melanoma cancer cells significantly decreases
cellular proliferation (Gjerstorff et al., 2015). MAGE proteins promote the survival of
cancer cells via interaction with p53, as it was found that depletion of MAGE-A4 gene
expression enhances p53 recruitment to target promoters. It has also been suggested
that MAGE-A interacts with the p53 DNA binding domain to block its transcriptional
activity (Marcar, et al, 2015, Schooten, et al, 2018).

GAGE members from the CT antigen family, which include PAGE and GAGE
proteins, prevent certain types of cancer cells from entering apoptotic pathways.
Depletion of PAGE4 was found to encourage cell death and negatively affect tumour
growth (Kulkarni et al., 2016). GAGE-7 curbs apoptosis in response to different types
of apoptotic stimulation (Kao et al., 2014).

SSX
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Tissue invasion
and
metastasis

MAGE-C2
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CT45A1

Figure 1.4 Oncogenic roles of CTAs. This diagram shows the functions of several
CTA genes in conferring important tumour characteristics (Taken from Gjerstorff et
al., 2015).

15



1.3.5 CTA genes in Immunotherapy

Immunotherapy is an important tool in cancer treatment. In general, cancer
immunotherapy is categorized into two main groups, passive and active
immunotherapy (Kazemi, 2016).

Active immunotherapy includes vaccines, while passive immunotherapy uses
adoptive cell treatments or monoclonal antibodies (Lynch, 2016). CTAs are regarded

as important targets in immunotherapy treatment (Fratta et al., 2011).

1.3.5.1 CTAs in active immunotherapy

Active immunotherapy stimulates the immune system to respond antagonistically to
cancer or other harmful diseases. A non-explicit reaction can be induced in the
immune system by agents such as cytokines. Other active immunotherapies provoke
the immune system with therapeutic vaccines. The immune system is trained to detect
and eradicate cancer cells by reacting to antigens on their surface (Baxter, 2014).
Therapeutic vaccines using CTAs like NY-ESO-1 and MAGE-A3 have been tested in
melanoma cancer patients, as these are known to influence tumour nodule regression
(Caballero & Chen, 2009). The CTA SP17 vaccination has been confirmed in in vivo
trials in mammals suffering from ovarian cancer (Chiriva et al., 2010). Genes from the
MAGE group are highly expressed in many different tumours, including lung,
melanoma, colon, ovarian, breast and multiple myeloma cancers. Developing and
improving vaccines that target this group of genes may help prevent the incidence of

several malignant tumours (Zhu et al., 2016).

1.3.5.2 CTAs in passive immunotherapy

In the field of passive immunotherapy, immune constituents or external antibodies are
employed to trigger the immune response (Baxter, 2014). Genetic engineering of
lymphocyte T-cells has helped control tumours in patients with metastatic cancer. The
main task of adoptive immunotherapy is to isolate lymphocyte T-cells from patients
(Yang & Rosenherg, 2016), culture these cells, and cultivate them in vitro to express
specific tumour antigens. Then, the cells are reinfused back into the patient to fight
tumour cells (Bonini & Mondino, 2015). Genetically engineered T-cells have shown

promise in targeting CTA antigens. Hunder et al. (2008) employed autologous CD4+
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T cell therapy against the CTA NY-ESO-1 in patients suffering from melanoma
metastases. CD4+ T cells were removed from the patient, isolated and cultured in
vitro, and then reimplanted. Two months after reinfusion, tests demonstrated a lack of
nodal and pulmonary tumours, and after two years, tests found no signs of cancer in

the patient (Hunder et al., 2008).

1.4 Epigenetic modification

The term 'epigenetic' refers to heritable changes in gene expression unrelated to the
sequencing of DNA nucleotides (Hatzimichael & Crook, 2013; Saleem et al., 2015).
Epimutations may be able to control genomic instability by silencing tumour
inhibition genes or activating oncogenes, either freely or in combination with genetic
mutations (Sharma et al., 2010). Epigenetic mechanisms appear significantly involved
in controlling CTA gene expression in both tumour and normal cells (Videtic Paska
and Hudler, 2015). Modification of histones and DNA methylation are epigenetic

changes that can affect gene expression (Hatzimichael & Crook, 2013).

1.4.1 Chromatin structure

Chromatin was the first basic unit of the cell recognized to be present in different
organisational levels. Chromatin refers to a mass of genetic material containing
histone proteins and DNA (Li & Zhang, 2012; Nikolov & Taddei, 2016; Shen et al.,
2017). The primary component of chromatin is the nucleosome; nucleosomes contain
a histone octamer that contains two of each of the four core histones, H2A, H2B, H3
and H4. This structure is enclosed by around 147 base pairs of DNA, with between 20
and 80 bp of linker DNA connecting the nucleosomes. Linker DNA is also bound to
another histone, H1, and this association results in a highly compact chromatin
structure in the nucleus (Margueron &Reinberg, 2010; Li & Zhang, 2012). There are
two main types of chromatin, heterochromatin and euchromatin. Heterochromatin
contains H3K27 trimethylation and associates with transcriptionally silent locations.
Chromatin changes affect various DNA processes, including gene transcription
(Simon & Kingston, 2009; Machida et al., 2018). Euchromatin is found in active

transcription regions, where DNA is exposed to allow the binding of transcription
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machinery. Histones undergo significant post-translational modifications (PTM) to
provide modularity within the nucleosome core. PTMs include acetylation,
phosphorylation, ubiquitylation and methylation (Schon et al., 2018; Speranzini et al.,
2016) (Figure 1.5).
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Figure 1.5 Formation of euchromatin and heterochromatin.

Euchromatin is an open chromatin structure able to accommodate gene transcription.
Conversely, heterochromatin is compressed, as evidenced by a rise in nucleosome
heterochromatin density, and prevents gene transcription (Adapted from Russ et al.,
2012).

1.4.2 Acetylation of histones

Post-translational acetylation is enabled by conserved lysines at the N-terminals of all
four core histones. Histone acetylation was the first post-translational histone
modification found to be associated with gene regulation (Wang, Allis & Chi, 2007).
Acetylated histones are frequently associated with transcriptionally active gene

promoters.

Histone acetylation is regulated by two families of enzymes, histone deacetylases

(HDACs) and histone acetyl transferases (HATs) (Figure 1.6). Histone modifying
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enzymes enable rapid genetic responses to cellular needs (Bannister & Kouzarides,
2011). e-N-acetyl lysine is generated via transference of an acetyl group to the e-
amino group of a lysine residue via HATs, which utilize acetyl coenzyme A (acetyl
CoA) as a co-factor (Yin et al., 2017). HATs create an opening between nucleosomes
and histones, enabling the binding of transcription factors followed by DNA
transcription. Conversely, HDACs detach acetyl groups from histones that
subsequently regain their positive charge, allowing fundamental interactions with
negatively charged DNA, compaction facilitating chromatin condensation to prevent
transcription (Ho & Crabtree, 2010; Li & Shogren-Knaak, 2008). Acetylation is the
predominant histone modification, with a host of probable acetylation sites, including

H3K9, H3K 18, H3K 14 and H4K8 (Kouzarides, 2007).

The two main categories of HATSs, type A and type B, are classified based on their
functions and probable source. A-type HATs are thought to catalyse acetylation and
assist with gene transcription. Indeed, HAT motif A domains include binding
locations for acetyl-CoA are common to proteins categorised as having HAT activity.
B-type HATs catalyse acetylation phases related to the transport of newly created
histones from the cytoplasm to the nucleus for binding to target DNA (Chrun, Modolo
& Daniel, 2017). HDACs are considered transcriptional repressors, as the elimination
of acetyl groups coincides with HDAC gene silencing (Bannister & Kouzarides,
2011). Over-expression of HDAC genes has been implicated in many cancers, and
HDAC inhibitors are often used in conjunction with chemotherapeutic agents in

cancer therapy (Kouraklis & Theocharis, 2002).
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Figure 1.6 Histone acetylation and deacetylation. Histone acetyltransferases
(HATSs) add acetyl groups (Ac) to histone tails, creating openings in the nucleosome
to facilitate the binding of transcription factors. Histone deacetylases (HDACS)
remove the acetyl groups from the histone tails, allowing chromatin recondensation
(adpted from Koprinarova, et al., 2016).

1.4.3 Methylation of histones

Histone methylation occurs at lysine and arginine residues, both of which are found in
the histones H1, H2A, H2B, H3, and H4. Each residue can be methylated in several
ways, depending on its genomic site and methylation level (Fuchs et al., 2006).
Histone methylation has been associated with different types of DNA transcriptional

regulation (Sims lii & Reinberg, 2009).

Protein arginine methyltransferases (PRMTs) and histone lysine methyltransferases
(HKMTs) build the histone methyltransferases (HMTs) structure that catalyse histone
methylation. These enzymes add a methyl group (-CH3) from S-adenosylmethionine
to specific target residues (Greer & Shi, 2012). Methylation of the e-amino group of
lysine can take different forms, such mono- (me), di- (me2) or tri- (me3) methylation
and arginine residues can be mono- or tri-methylated (Bannister & Kouzarides, 2011).
Methyl groups added to arginine or lysine can be removed by histone demethylase

(HDM) enzymes (Dimitrova, Turberfield & Klose, 2015).
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Histone methylation controls transcription-level gene expression and inhibits or
stimulates gene expression depending on the methylation status of a particular lysine
residue. Widely researched histone lysine methylation sites include H3K9, H3K4,
H3K36, H3K27 and H3K79 (Gong & Miller, 2017). H3K9me2/3, H3K27me3,
H3K4mel, H2K20mel/me2 and H4K20me3 are associated with heterochromatin and
transcriptional silencing, whilst H3K36me3 and H3K4me2/3 are associated with

euchromatin and transcriptional activation (Sims lii & Reinberg, 2009).

1.4.4 DNA Methylation

DNA methylation has also been found to facilitate histone modification regulation
(Du et al.,, 2015). In addition, it has been associated with genomic imprinting
(Girardot, Feil & Lléres, 2013) and X-chromosome inactivation (Lee & Bartolomei,
2013). During DNA methylation, DNA methyltransferases (DNMTs) catalyse the
covalent addition of a methyl group to the 5' position of the cytosine base of CpG
dinucleotides (Ballestar, 2011; Jones, 2012).

Tumour suppressor genes and DNA repair genes are silenced in cancer cells via
hypermethylation of promoter regions and hypomethylation of non-promoter regions
in their genomes (Akhavan-Niaki & Samadani 2013). Hypermethylation may also
lead to genome instability and the disruption of DNA repair mechanisms and cell
cycle and apoptosis regulation, which can lead to tumourigenesis (Wu & Bekaii-Saab,
2012). There is an association between hyper- and hypomethylation of CpG island
promoter regions and the initiation and progression of cancer (Ballestar, 2011). Fratta
et al. (2011) reported that a majority of cancer testis antigen (CTA) genes are subject
to methylation in normal somatic cells, but that hypomethylation (demethylation)

during spermatogenesis results in their activation.
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1.5 Phases of cell division

The term cell cycle refers to the interval of time between every mitotic division
(Kronja & Orr-Weaver, 2011). There are two main phases of the mitotic cell cycle.
These are interphase and M phase. Interphase is further categorized into three
organized stages: G1 phase (Gap 1), S phase (DNA synthesis) and G2 phase (Gap 2)
as shown in Figure 1.7. Replication of DNA occurs during the S phase. On the other
hand, M phase refers to the stage when the cell undergoes the mitotic division. G1 and
G2 refer to the two gaps which occur prior to S phase and following the M phase.
Cells grow during the interphase and fully replicate their DNA. During the G2 phase,
the cell prepare for the division to form two daughter cells (Strahm & Capra, 2005,
Kronja & Orr-Weaver, 2011). Besides these, non-dividing cells exist outside the cell
cycle in a state termed GO (Behl & Ziegler, 2014). As M phase spans a comparatively
shorter period, majority of the cells spend most of the time of their life in interphase

(Kronja & Orr-Weaver, 2011).

1.5.1 Mitotic cell division

The majority of healthy cells and cancer cells duplicate via mitotic division. Mitosis is
a type of cell division through which a parent cell with diploid number of
chromosomes divides to generate a pair of daughter cells with the same number of
chromosomes as that of parent cell. This division normally takes place in somatic
tissue for growth, tissue repair and homeostasis (Silkworth & Cimini, 2012).
Replication of DNA occurs once in the S-phase of mitosis after which chromosomes
segregate to generate two daughter cells. On the basis of chromosomal organisation
and behaviour, the process of mitosis is further divided into a number of phases
namely prophase, prometaphase, metaphase, anaphase, telophase and cytokinesis.
Condensation of chromosomes initiates during the prophase stage. Replicated
chromosomes appear thicker, shorter and can be viewed easily. Moreover,
centrosomes duplicate and travel to opposite poles of the cell and initiation of
assembly of mitotic (Silkworth & Cimini, 2012). In higher eukaryotes, prometaphase

involves breakage of nuclear envelope. Also, chromosomes bind to the mitotic spindle
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microtubules through a structure referred to as the kinetochore. During the metaphase

stage, the chromosomes arrange themselves at the equator of the cell.

This arrangement occurs on the metaphase plate in the middle of the space between
the opposite poles of the cell. Paired kinetochores are linked to the spindle
microtubules. Anaphase involves separation of the paired sister chromatids and their
synchronized movement towards opposite poles. This requires the cohesion between
sister chromatids to be disrupt in a highly orchestrated fashion. During telophase,
chromosomes reach at the opposite poles followed by their decondensation. A new
nuclear envelop surrounds each one of the daughter nuclei. In cytokinesis the
cytoplasm divides leading to formation of two daughter cells with same number of

chromosomes as that of parent cell (Walczak et al., 2010).

1.5.2 Maeiotic cell division

Two copies of every chromosome (homologues) are present in non-reproductive cells.
One member of the homologous pair has been received from maternal lineage and the
other from paternal lineage (Villeneuve & Hillers, 2001; Clift & Marston, 2011).
Haploid sex cells or gametes are produced from diploid progenitor cells only in
ovaries and testes.

During sexual reproduction, fusion of two gametes take place through fertilisation to
make a zygote. During gametogenesis, it is important that the number of
chromosomes should be decreased to half to assume the diploid state is restored upon
gamete fusion. The stage is restored upon gametes fusion. The gametogenic nuclear
division is termed as meiosis (Petronczki, Siomos & Nasmyth, 2003; Zickler &
Kleckner, 2015).

The process of meiotic division is divided into two divisions namely reductional
division (meiosis I) and equational division (meiosis II) (Gerton & Hawley, 2005;

Lichten & de Massy, 2011) (Figurel.8).
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Figure 1.7 Schematic diagram showing different stages of cell cycle.

Different stages of mitotic cell cycle. These stages are referred to G1, S, G2 and M
phase. The size of cell increases during interphase. DNA is synthesized during S
phase so that the genome is duplicated prior to division. Cells growth stop during M
phase which involves an organized process of division. GO refers to the phase during
which cell exists outside the cell cycle (Taken from Virtual Genetics Education
Centre).

1.5.2.1 The first meiotic division, Meiosis I

Meiosis occurs in two successive chromosome segregation events meiosis [ and II
which follow just one round of DNA replication. There are four distinct phases in first
meiotic division. These are prophase I, metaphase I, anaphase I and telophase I.
During pre-meiotic stage of meiosis, chromosomal duplication takes place for
doubling the sister chromatid pairs before meiotic division. After pre —meiotic DNA
replication sister chromatids remain linked via a meiosis-specific cohesin complex.

Accordingly, every set of chromosomes is formed of a pair of identical sister
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chromatids (Lee & Amon, 2001). Prophase I is important phase that involves several
special steps that include pairing of homologous chromosomes, synapsis and the
formation of DNA double-strand break (DSB). For that reason, prophase I is further
subdivided into five progressive steps namely leptotene, zygotene, pachytene,
diplotene and diakinesis. This classification is based on chromosomal morphology
and the formation of links between homologous chromosomes during stage of
synapsis (Klutstein & Cooper, 2014).

Leptotene involves condensation of duplicated sister chromatids. Thereby, the
chromosomes appear thicker and shorter. This is followed by zygotene phase, when
homologous chromosomes pair and initiate formation of a structure termed the
synaptonemal complex (SC). Formation of this structure is known as synapsis.
Accordingly, a chromosomal pair is composed of four chromatids and one
chromosome comes from each parent. At this stage, an homologous chromosomal
pair is called bivalent. In pachytene, Synapsis gets completed and chromosomal pairs
are more strongly connected through the SC and structures known as chiasmata
(Youds & Boulton, 2011).

Chiasmata refers to the physical connection between homologous chromosome DNA
molecules during meiotic division (Hirose, et al, 2011). Chiasmata resolution involves
crossing over between the homologous chromosome as well as DNA exchange within
bivalents (Youds & Boulton, 2011). Crossing over generates formation of a novel
combination of the genetic material in the gametes which is major evolutionary
driver. During diplotene, detachment of homologous chromosomes is started in a
process termed as desynapsis. Yet, these pairs sustain their link at chiasmata and sister
chromatid cohesion until the anaphase I stage. Dissociation of the SC gets completed
during the final stage of prophase I (in the diakinesis sub stage). During this stage,
condensation of chromosomes continues and the meiosis I spindle is formed (Tsai &
McKee, 2011). Spindle fibres continue to form during metaphase I which also
involves alignment of the bivalents in a double row. Monopolar orientation of the
sister kinetochores is ensures a reductional division in meiosis 1. Because of this, the
paternal and maternal chromosomes get correctly segregated at opposite poles of the
cell (Hirose, et al, 2011). Sister chromatid cohesion along the arms of chromosome
gets resolved during anaphase 1. However, these sister chromatids sustain their
connection at centromeres till the initiation of anaphase II. Moreover, homologous

chromosomes are pulled apart by the microtubules such that one set reaches one pole
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and the other on opposite pole of the cell (Lee & Amon, 2001). Nuclear membrane
develops during the telophase I. This membrane envelops the segregating
chromosomes thereby forming two distinct nuclei. Nuclei thus formed contain half
number of chromosomes as compared to the parent cell. For that reason, first meiotic

division is termed as reductional division (Villeneuve & Hillers, 2001).

1.5.2.2 The second meiotic division, Meiosis 11

The second meiotic division is similar to the mitotic division, as the number of
chromosomes is not reduced. It is therefore an equational division. Upon initiation of
meiosis II, every daughter nucleus is already in the haploid state. Moreover, every
chromosome is constituted of two chromatids linked at the centromere. Meiosis 1II is
responsible for segregation of these chromatids (Page & Hawley, 2003). This division
is shorter as compared to first meiotic division. Still, it is divided into four stages
namely prophase II, metaphase II, anaphase II and telophase II. There is no additional
DNA replication between meiosis I and II (Wassmann, 2013). Prophase II involves
condensation of chromosomes and break down of the nuclear membrane. During
metaphase II, every chromosome comprising of two chromatids gets aligned on the
cell equator with the help of spindle fibres. This is followed by bi-polar separation of
centromeres of every sister pair during anaphase II. At this stage, one chromatid starts
to travel to opposite end of the cells by helping of spindle fibres (Tsai & McKee,
2011). By the end of meiosis II division, division of cytoplasm takes place during
telophase II resulting in division of the original cell into four daughter cells which
possess half number of chromosomes, every cell contains a unique genotype (Page &
Hawley, 2004). In this division, sister kinetochores are linked to microtubules from

opposite poles (Dudas, Ahmad & Gregan, 2011).
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Figure 1.8 Phases of meiosis.

Meiotic division involves the process of DNA replication which takes place during S
phase. After this, two nuclear divisions occur (meiosis I and meiosis II). Before
undergoing the first meiotic division, every chromatid of the non-homologous
chromosomes connects through cohesin complexes (shown in yellow). Homologous
chromosomes pair with one another followed by inter homologous recombination to
result in formation of chiasmata. Centromeres of homologous chromosomes attach
with the microtubules arising from spindle poles (SPB). In eukaryotes, this structure is
called centrosome. During metaphase I, homologous pairs of chromosomes arrange
themselves on the metaphase plate. The conjoined homologues (bivalents) then get
segregated to opposite poles of the cell. This occurs in anaphase I during which
chiasmata are resolved. During telophase, the production of two daughter cells takes
place. During metaphase II chromosomes are arranged on the metaphase plate.
Anaphase II involves separation of sister chromatids. Segregation of chromosomes
gets completed in the telophase II resulting in formation of four haploid cells having
half the main number of chromosomes. In order to promote segregation of
homologous chromosomes, cohesin at the arms of chromosomes are cleaved during
meiosis . However, the cohesin present on centromeres (sister kinetochores) are
protected thereby keeping the sister chromatids linked to one another. The
centromeric cohesin present between sister kinetochores is removed during anaphase
IT thereby allowing sister chromatids to separate and migrate to opposite poles
(Miller, Amon & Unal, 2013).
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1.5.2.3 Meiotic Homologous Recombination (HR)

Inter-homologue recombination (HR) is crucial aspect of meiotic prophase I. It also
considered as the main source of exchange of genetic information allowing formation
of novel allelic combinations in the population. Besides this, HR also functions to
maintain genome stability, which has been found to be linked with numerous
disorders of humans (Segurel, 2013). Two different outcomes for meiotic HR can
occur, namely crossover (CO) and non-crossover (NCO). During meiosis I division,
one crossover event is necessarily needed for formation of each bivalent (Baudat et

al., 2013; Kowalczykkowski, 2015).

The process of meiotic recombination is aimed at forming inter-homologue linkages
that allow the reductional division in coordination with the monopolarity of sister
centromeres. Crossover recombination also has major a contribution to creating
genetically distinct gametes. These processes are therefore crucial for genetic
biological diversity. It has been established that recombination does not take place at
random positions in the genome. It is concentrated in certain parts of genome termed
hotspots. A protein, PRDMY, has been identified, which is capable of activating
hotspots in mammals, and hence regulates the place of action for several meiotic
recombination initiation genes (Baudat, Imai & De Massy, 2013; Baker, et al, 2014).
SPOI1, in complex with another factor, TOPOVIBL, mediates the formation of the
DNA double-strand breaks (DSBs) that enable the meiotic HR to initiate (Yamada &
Ohta, 2013). SPO11-TOPOVIBL mediates the breakage of both DNA strands which it
does by acting as dimer. Subsequently the MRN (MRE11-RAD50-NBS1) complex of
proteins remove this dimer from the DNA through endonucleolytic cleavage (Lam &
Keeney, 2015). Further DSB resection in the 5' to 3' direction, at a distance from the
DSB, is considered to be brought about by the BLM (Bloom syndrome protein) and
the nuclease Exol. On the other hand, resection from 3' to 5' direction towards DSB
end from a position adjacent to the DSB is brought about by MRE11 endonucleases
(Shibata et al., 2014). This end processing results in single-stranded DNA (ssDNA)
with a free 3' end at each side of the DSB (Figure 1.9) (de Massy, 2013).
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The ssDNA-binding protein, replication protein A (RPA) links RADS51 to ssDNA by
preventing secondary structures forming on ssDNA prior RADS51 loading. Invasion of
strands into homologous chromosomes is initiated by loading of the recombinases
DMCI1 and RADS]1 to develop nucleoprotein filaments on the 3' ssDNA (Holthausen,
Wyman & Kanaar, 2010; Ranjha, Howard & Cejka, 2018). RAD51 and DMCI,
mediate inter —homologue duplex strand invasion creating a dissociation loop (D-
loop) (Dray et al., 2011; So et al., 2017). Creation of RADS51 nucleoprotein filaments
also involves several other factors like the PALB2 protein and the breast and ovarian
cancer-related proteins BRCA1 and BRCA2 (O'Donovan and Livingston, 2010; Feng
& Jasin, 2017).

Double Holiday junctions (dHJs) can be subsequently created as consequence of
ssDNA invasion and linking to another complementary strand. Alternatively, a
synthesis dependent strand annealing (SDSA) pathway can occur in which the D-loop
is unwound and the expanded invading strand is able to re-anneal with the different
end of the DSB. Moreover, DNA synthesis acts on the reannealed strand like a
template to finish the repair. The SDSA pathway can only undergo non-crossover
events, which makes it less likely to generate chromosomal rearrangements (Heyer et
al., 2010). If SDSA is not used, the extended D-loop can capture the DSB’s other side,
which is known as a second-end capture. This model can generate a double Holiday
Junction (dHJ) between the chromatids of opposing Homologues both opposing parts
(Szostak et al., 1983). This seems to be the D-loop extension’s most important
product for meiosis (Bzymek et al., 2010). The dHJ can be dissolved by the BTRR
complex, which includes BLM-TOPO3a—RMI1-RMI2 (Raynard, Bussen & Sung et
al., 2006; Karow et al., 2000) which results in the detachment of the sister chromatids
without crossing over. If the dHJ is not able to be dissolved (for example, when the
BLM is absent), then it can be cleaved either through the endonuclease Mus81/Emel
complex (Boddy et al., 2001) or by GEN1 (Chan & West, 2015) in a model known as
dHJ resolution, which appears in both crossovers and non-crossovers (Constantinou et

al., 2002), as seen in Figure 1.9.
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Figure 1.9 Schematic diagram of meiotic recombination occurring through DSB
pathway.

Diagram shows models for the two main recombination pathways. (A) Formation of DSB
occurs when both strands of the DNA are cleaved by the SPO11- TOPOVIBL complex. This
cleavage occurs resulting in SPO11 covalently attached to the 5' ends of the DNA. After this,
SPO11 is removed by the MRN protein complex resulting in generation of 3' single strand
DNA (ssDNA) overhangs. (B) A D-loop is initiated when a single 3' end overhang invades
other homologue. (C) Synthesis of DNA occurs after this and for this purpose; other
homologue is utilized as a template. (D) Dissociation of the D-loop and invasion of the
opposite end of original strand may lead to non-crossover. This mechanism is called
synthesis dependent strand annealing (SDSA) and can result in gene conversion. (E) In the
case of dHJ dissolution, BLM and TOPO3a encourage branch migration to invade DNA
strands, which may result in a catenate that is detected by TOPO3a, RMI1, and RMI2
together. A dHJ can then be dissolved without crossovers. DNA strands can be cleaved
either by the Mus81/Emel complex or GEN1 in the case of dHJ resolution. Further, the
broken strands can be re-joined on the detached sister chromatids. Indeed, dHJ resolutions
can result in the generation of crossover and non-crossover events. Adapted from (Handel &

Schimenti, 2010 ; Wechsler et al., 2011). 30



1.5.2.4 Meiotic Recombination gene in cancer

Emerging evidence is demonstrating that cancer chromosome biology has a
relationship with meiotic chromosome regulator genes (McFarlane & Wakeman,
2017; Feichtinger & McFarlane, 2019). The involvement of numerous meiotic
recombination genes in different stages of tumour development, persistence and
spread has been identified. A variety of cancers show expression and potential
function of different meiotic recombination genes, such as SPO/1 (Koslowski et al.,
2002), HORMADI (Chen et al., 2005) SYCP3 (Modarressi et al., 2004), SYCPI

(Tureci et al., 1998). More detailed examples are given below.

An oncogenic chromosome event is known as Alternative Lengthening of Telomeres
(ALT) after each round of DNA replication in somatic cells, the ends of linear
chromosomes (telomeres) become short. This shorting helps to control and monitor
cell division via many mechanisms, like stimulation of p53 and activation of the
DNA-damage checkpoint (Di et al., 2003). Therefore, the change of healthy human
cells to become cancer cell demands maintenance of telomeres, which can be via
reactivation of telomerase, the enzyme needed telomere extending or via a (ALT)
(Henson et al., 2002). The ALT pathway can work by a recombination-mediated
technique in the absence of telomerase-mediated elongation, and telomeres behave as
broken chromosome ends. This requires RAD51 to mediate strand invasion from an
uncapped telomere into a non-sister telomere and allow the invading end to work like
a substrate for DNA replication (Dilley et al, 2016). This event can guide tumour
formation and permit proliferative tumour cell activity and possibly contribute to
tumour cell evolution (Venkatesan et al., 2017). MND1-HOP2, two meiotic specific
proteins are essential for ALT to remain active. MND1-HOP2 function to bias ALT
recombination toward an interhomologue route rather than toward inter-sister

chromatid repair (Cho et al., 2014).

The synaptonemal complex (SC) is a meiosis-specific, proteinaceous, zipper-like
structure. It participates in synapsis of homologous chromosomes in prophase I of
meiosis. The SC plays an important role in the crossover formation. SC is built up by
two axial structures created along the centre of the homologous chromosomes that

include SCP2 and SCP3 proteins; the central elements include SYCE1-3 and TEX12,
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along with transverse filaments of SCP1 protein that binds the lateral with central
elements (Nielsen & Gjerstorff, 2016). SYCP3 is believed to be part of an essential
section of the SC lateral elements (outer linear structures of the SC). The meiosis-
specific SC protein SYCP3 can act oncogenically by weakening or damaging
recombination by obstructing the action of the tumour suppressor recombination
organiser BRCA2. Also, the production of SYCP3 in cancer cells guides ploidy
changes and can be considered an important example of a meiotic chromosome
regulator that affects chromosomal segregation in the case of cancer cells (Hosoya et
al., 2011).

HORMA domain proteins, including HORMADI, perform many functions during
meiotic recombination, such as helping form the SC, homologue alignment
promotion, and ensuring all DSBs are repaired. HORMADI is thought to ensure
correct DSB processing, leading to meiotic homologous recombination during meiosis
I by arranging several meiosis-specific elements, including HOP2-MND1 (Tsubouchi
& Roeder, 2002; Chen et al., 2004). Watkins et al. (2015) demonstrated a
recombination-associated role for HORMADI in cancer cells. They assumed that the
abnormal expression of HORMADI may damage the regular homologous
recombination repair pathway operated by the recombinase RADS51, which can result
in the choice of an ill-defined alternative DSB repair pathway. HORMADI
expression exists in many tumours, including breast, bladder, lung, endometrial, and
colon tumours (Aung et al., 2006; Watkins et al., 2015). Indeed, additional researchers
have reported the involvement of HORMADI in the regulation of oncogenic
recombination mechanisms and therapeutic resistance (Gao et al., 2018; Nichols et al.,
2018). The expression of HORMADI is related to weak prognoses and leads to
genotoxic (involving irradiation), especially in lung adenocarcinomas (Nichols et al.,
2018; Gao et al., 2018). HORMADI may promote the effective resectioning of DSBs,
which may allow the repair of therapeutically induced DNA damage.

32



1.6 Transposable elements

Transposons are mobile genetic fragments that can “jump” or transpose from one
locus to another in the genome (MacLennan et al., 2017; Sotero-Caio et al., 2017) and
can engender genetic alterations. Transposases catalyse this process (Beck et al.,
2011; Burns, 2017). Many genome sequence studies have suggested that transposable
elements (TEs) and their remnants constitute a substantial part of the eukaryotic
genome. Indeed, many different genomic rearrangements like insertion, deletion, and
translocation occur through transposition (Dewannieux & Heidmann, 2013; Bourque

etal., 2018).

Transposable elements are categorized into two classes. Class I comprises retro-
transposons that utilize RNA transcription mechanisms to copy and paste themselves
to another site. Class II transposons are DNA transposons that excise themselves from
the donor site and re-integrate at another site (Wicker, et al., 2007; Bourque et al.,
2018). Although 5% of the human genome is made up of class II transposons, these
transposons are not thought to be active. Conversely, approximately 45% of the
human genome is made up of class I transposons, which are divided into groups
depending on whether they possess long terminal repeats (LTRs) or not (non-LTRs).
Additionally, there are two types of non-LTRs, short-interspersed nucleotide elements
(SINEs), and long-interspersed nucleotide elements (LINEs) (Dewannieux &
Heidmann, 2013).

LTRs include human endogenous retroviruses (HERVs), which are flanked by LTRs
and bear a significant structural resemblance to other retroviruses. Some researchers
have proposed that acquisition of HERVs occurred through infection of germline cells
by ancient retroviruses that later evolved and were assimilated into the genome,
pointing to basic retroviral genes like Pol, Gag and Pro found in HERVs
(Dewannieux & Heidmann, 2013; Bourque et al., 2018). TEs are active in several

kinds of cancer, as evidenced by mRNA and protein analyses (Burns, 2017).
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1.7 PRDM9

PRDMO has previously been identified as meiotic CT gene (Feichtinger et al., 2012).
PR domain-containing protein 9 (PRDM9) facilitates meiotic recombination
regulation by binding to meiotic recombination hotspots in humans and mice, and it is
called Meisetz in mice (Baudat et al., 2010; Paigen & Petkov, 2018). The PRDM
protein family contains 17 members in humans and 16 in mice. According to
Parvanov et al. (2010), there are three functional domains in PRDM9. The first is an
N-terminal Kruppel-association box (KRAB) domain that can promote protein-protein
interactions and inhibit transcription by attaching to a tethered DNA binding domain.
The second is a PR/SET domain (Meisetz) at the centre of the protein that engages in
histone methyl transferase activity resulting in tri-methylation of H3K4 and H3K36
(Hayashi et al., 2005) and related changes to chromatin structure. Finally, the terminal

C2H2 zinc-finger domain is the primary DNA binding domain (Figure 1.10).

According to Hayashi et al. (2005), PRDM9 is only transcribed in germline cells and
primarily engages in histone methyltransferase activity via the PR/SET domain. In
mice, Prdm9 trimethylates the fourth lysine of histone H3 (H3K4). Research has also
reported increased mono-, di- and tri-methylation of H3K4 attributed to this protein
(Wu, al., 2013; Eram, al., 2014). Trimethylation of the lysine 36 of H3 (H3K36) by
this protein has also been reported (Eram et al., 2014). PRDM9 can methylate other
core histones H2A, H2B and H4, but does so to a lesser degree than for H3
methylation (Xiaoying et al., 2014).
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Figure 1.10 Model of PRDMY9 structure and meiotic DSB localisation
mechanism. (I) The PR domain-containing protein 9 (PRDM9) is a histone
methyltransferase made up of three core domains, a KRAB domain including a
synovial sarcoma X breakpoint region (SSXRD), a PR/SET domain that engages in
histone methyltransferase activity, and a zinc finger (C2H2) domain. (I) Suggested
mechanism of PRDM9 attachment to the meiotic hotspot DNA motif via the C2H2
domain. Once bound to DNA, the PR/SET domain conducts H3K4me3 on adjacent
nucleosomes. The KRAB motif is theorized to enable interaction with other proteins,
which may facilitate recruitment of DSB machinery, encompassing the SPO11 protein
(Adapted from Baudat and Frédéric, 2013).
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According to a study in mice, the Prdm9/Meisetz gene is expressed in the initial
phases of meiotic division. Disruption of this gene results in hybrid sterility in male
and female mice due to extreme deficiencies in the DSB repair pathway, the
ineffective pairing of homologues, and an inability to formulate sex-specific
characteristics (Hayashi et al., 2005). Five distinct tandem repeats have been
identified through gene sequencing performed on 20 mouse strains. These repeats
enable binding to different DNA sites (Parvanov et al., 2010). Testis-specific Rik gene
(termed as Morc2b) expression is impaired in Prdm9-/- mice, suggesting that Prdm9
(Meisetz) can engage in transcriptional r regulation of meiotic genes (Hayashi et al.,

2005).

Human PRDM?Y9 was identified as a CTA gene by Feichtinger et al., (2012) using two
different identification protocols. In the first, genes previously reported to
demonstrate meiosis-specific expression were manually analysed. In the second, a
bioinformatic screen involving several steps was carried out. A total of 744 mouse
meiosis-specific genes were identified, followed by the assignment of human
orthologues of these genes. Genes excluded were those not present in cancer
expressed sequence tag (EST) libraries and non-testis EST libraries for normal
somatic tissues. Selected genes were analysed with RT-PCR, and expression patterns
were cross-referenced to a meta-analysis of cancer microarray data collected from
patients. PRDM9 was found to be a type of meiCT gene only expressed in the testis

(in normal tissues) and different types of cancer cell lines/tissues.

1.8 TEX19

The first identification of the mammalian 7EX/9 gene was in mouse germ cells, and
orthologues thereof are only found in mammals (Kuntz et al., 2008). Duplication of
TEX19 orthologues has been reported in rodents; these animals have a paralogue pair
of genes called Tex/9./ and Tex/9.2. The human genome contains only a single
TEX19 gene. Murine Tex/9.1 and Tex19.2 are located on chromosome 11, and the
human TEX19 gene is located on chromosome 17. Both TEX/9 and Tex/9.1 have
been positionally associated with other genes like Sectml, UTS2R and CD7. The

orientation of TEXI9 relative to the centromere is similar in humans and rodents,
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space also occupied by UTS2R. It can thus be surmised that human 7EX/79 is more
closely related to murine Tex/9.1 than Tex/9.2, base on these chromosomal features

as shown in Figure 1.11 (Kuntz et al., 2008).
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Figure 1.11 Schematic of chromosomal context of murine and human 7EX79
orthologues 7Tex19.1and Tex19.2 are located on mouse chromosome 11, and

TEX19 is located on human chromosome 17 (Kuntz et al., 2008).
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Expression of Tex/9.1 and Tex/9.2 paralogues varies in mice. Expression of Tex/9.2
has not been found during early embryogenesis, but has been detected in the male
somatic gonad lineage and in female germ cells (Tarabay et al., 2013). Conversely,
expression of Tex/9.1 has been identified in early embryos as well as pluripotent stem
cells (Kuntz et al., 2008). Expression of Tex/9.1 occurs in a similar manner to that of
the stem cell determinant gene Oct4, and Tex/9.1 expression is decreased during
embryonic stem cell differentiation (Zhong et al., 2016); possibly indicating that

Tex19.1 is involved in the regulation of self-renewal and stem cell pluripotency.

Preliminary analysis of TEX79 expression in humans revealed that it is orthologous to
the Tex19.1 gene, and its expression has also been found in human embryonic stem
cells (ESCs). Spermatogonia germ line cells are found in the seminiferous tubules of
the testis and contain the Tex19.1 protein, strongly suggesting that this protein is
involved in germ line cell processes (Ollinger et al., 2008; Tarabay et al., 2013). Loss
of Tex19.1 has also been shown to cause delays in embryonic development,
suggesting a possible role in embryogenesis or placental function (Yang et al., 2010;
Reichmann et al., 2013). 7ex/9.1 is likely involved in meiotic cell division, as
Tex19.1 deletion creates disorders in the meiotic synapses of chromosomes during
spermatogenesis (Yang et al., 2010). Consistent with embryonic delays in the mutant,
deletion of Tex/9.1 has also been reported to cause placental defects in female mice
and infertility in males (Crichton et al., 2017). Thus, the presence of Tex/9./ might be
essential for spermatogenesis in males and proper placental development in females
(Crichton et al., 2017; Ollinger et al., 2008). In the early stages of spermatogenesis,
deletion of 7ex/9.1 results in alterations to the expression of chromatid cohesion
genes that support meiotic recombination, such as Rec8 and Smclif and so Tex19.1

might have an indirect role on meiosis (Ollinger et al., 2008).

Other studies have reported that 7ex/9./ regulates TEs. Expression of long
interspersed nuclear elements (LINE-1) RNA in the placenta is enhanced by Tex/9.1
deletion and might cause placental dysfunction (Reichmann et al., 2013). Regulation
of Tex19.1 may control TEs and maintain the balance of the genome (Reichmann et
al., 2013). Sectml, genomically adjacent to TEXI9, is also involved in retro-
transposon regulation (Bianchetti et al., 2015), suggesting a possible functional

relation between these genes.
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Tex19.1 regulation of TEs has been demonstrated. Tex19.1 can interact directly with
L1-ORFlp, an L1-encoded protein crucial for retro-transposition. Tex19.1 contributes
to controlling ORF1p by stimulating protein polyubiquitylation, thus limiting LINE-1
mobilization. This is thought to be mediated by Tex19.1 stimulating interaction
between ORF1p and the Ubr2 ubiquitin of ligase (Figure 1.12). The absence of
Tex19.1 has been shown to increase levels of L1-ORF1p and amplify L1 mobilization
in mouse pluripotent embryonic stem cells. These data indicate that de novo retro-
transposition during the pluripotent phase of the germline cycle is inhibited by
Tex19.1 and underscore the significance of post-translational regulation of L1
retrotransposon-encoded proteins in sustaining mammalian trans-generational genome

stability (MacLennan et al., 2017).

Planells-Palop et al. (2017) demonstrated that depletion of TEX19 in cancer cell lines
reduces cell proliferation and self-renewal. These researchers conducted RNA
sequencing on total polyA-RNA taken from SW480 cells treated with TEX79 siRNA
and untreated cells. Their findings indicated that at least of 80 different gene
transcripts were considerably altered (up-/down regulated) in the presence of TEX/9
siRNA. Levels of TEX19 mRNA decreased, and levels of PIWILI mRNA increased.
These results recapitulated the RT-PCR findings of Feichtinger et al. (2012). Amongst
the 80 affected genes, RAD21L1 and SEPTI2 are recognised as CT genes suggesting
TEX19 regulates at least some meiotic genes (Feichtinger et al., 2012). Additional
analysis revealed that transcript levels of several genes linked to cancer cell
proliferation were altered when TEX19 was depleted, suggesting an important role for
TEX19 in regulating oncogenic proliferation via a transcriptional regulation pathway

(Planells-Palop et al., 2017).
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Figure 1.12 Model demonstrating proposed activities of Tex19.1 in mice. The E3
ubiquitin RING domain ligates UBR2 to its cognate E2 ubiquitin, conjugating
UBE2A/B that works in concert with mL1-ORF1p to encourage ubiquitylation and
proteasome-dependent protein turnover in methylated somatic cells. Tex19.1, found in
hypomethylated germ line cells and pluripotent cells, interacts with Ubr2 and mL1-
ORFIp to additionally enhance polyubiquitylation and proteasome-dependent mL1-
ORFl1p turnover. Specifically, the mechanism employed by Tex19.1 inhibits Ubr2
activity (Reichmann et al., 2017) (Taken from MacLennan et al., 2017).

TEX19 was found to be a cancer-selective CT gene demonstrating normal expression
in the testis and thymus and abnormal expression in certain cancer cell lines.
Although, expression of TEX79 was originally reported in the thymus, this is thought
to be related to age-related tissue atrophy, the 7TEX19 gene was later shown to be only
be expressed in the testis of healthy adults (Feichtinger et al., 2012; McFarlane group
unpublished). qRT-PCR/RT-PCR assessment reported that 60% of bladder tumours
demonstrated TEX19 expression (Zhong et al., 2015). High levels of the TEX19
protein have been found in both high and low grade tumours in addition to bladder
cancer cell lines (Zhong et al., 2015). These findings suggest that TEX79 might be a
promising biomarker in the diagnosis and prognosis of certain cancers (Zhong et al.,

2016; Feichtinger et al., 2012).
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1.9 Project aims

The overarching aims are to determine whether meiotic regulators function to control
chromosome dynamics in cancer. The PRDM9 gene was hypothesised to control the
expression of several meiosis gene in cancer cells (Feichtinger et al., 2012).
Therefore, one of the main aim of this research is to investigate whether
overexpression/low expression of PRDMY9 in cancer cells might influence/decrease
the expression of other genes.

Additionally, we aim to study the role of TEX19 in cancer cells. We wish to confirm
that reduction of TEX19 alters cancer cell proliferation, and investigate if TEX19
depletion can influence any histone modifications, as unpublished work from the
McFarlane group has indicated a role for TEX19 in epigenetic regulation in cancer
cells. Finally, we wished to determine whether the murine Tex19.1 functional
regulation of LINE-1 ORF1 protein is also apparent for human TEX19 in cancer cells,

and if so, is this a universal feature of an TEX19 expressing cancer cells.
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Chapter 2
Materials and Methods
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2. Materials and Methods

2.1 Human cell culture

2.1.1 Cell culture growth

The cancer cell lines used in this study are shown in table 2.1 and were grown in an

appropriate media (Table 2.1) completed with foetal bovine serum (FBS) (Invitrogen:

GIBCO 10270). The cells were then cultured in a protected humidified incubator at

37°C with 5% CO: and regularly checked for mycoplasma contamination using a

mycoplasma PCR detection kit (Sigma Aldrich, #MP0035).

Table 2.1 Cell lines used in this study and growth conditions

Cell line names Origin Culture Media conditions CO,
SW480 Human colon adenocarcinoma | Dulbecco’s modified Eagle’s 5%
medium (DMEM) +
GLUTAMAXTM
(Invitrogen,GIBCO 61965)
supplemented with 10% FBS
HeLa Tet-On® Stably transfected Human Dulbecco’s modified Eagle’s 5%
3G cervical cancer with pPCMV- | medium (DMEM)
Tet3G vector + GLUTAMAXTM
(McFarlane lab). (Invitrogen, GIBCO 61965) +
10% Tet System Approved FBS
HCT116 Human colon carcinoma McCoy’s 5SA medium + 5%
GLUTAMAXTM
(Invitrogen; 36600) + 10% FBS
HCT116 Tet- Stably transfected Human McCoy’s SA medium + 5%
On® 3G colon carcinoma with pCMV- | GLUTAMAXTM
Tet3G vector (Invitrogen; 36600) + 10% FBS
(McFarlane lab).
H460 Large cell lung carcinoma RPMI 1640 + GLUTAMAXTM 5%

supplemented with 10% FBS and
2 mM sodium pyruvate
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2.1.2 Thawing frozen cells

Cell vials were taken from a liquid nitrogen tank and was directly submerged in a
water bath at 37°C. The cells were thawed by gentle mixing for approximately 40-60
seconds. Subsequently, the cell suspensions were removed from the cryovials, placed
in 5 mL of prewarmed medium in a falcon tube and extracted by centrifugation at 100
xg for 5 minutes. The medium was then removed using an aspiration pipette and the
cells were re-suspended in 10 mL of fresh medium. After that, the cells were mixed
well, divided into T75 flasks and incubated as listed in Table 2.1. The cells were

checked every day until they reached the desired confluence.

2.1.3 Harvesting and freezing cultured cells

When the cells reached approximately 80% confluence they were harvested and either
frozen or split. The culture media was removed using a sterilised aspiration pipette.
The cells were washed once with 3 mL 1x Phosphate — buffered saline (Invitrogen,
14190-094) to remove any remaining FBS, trypsinised with 1 mL of 1x trypsin-
EDTA (Invitrogen, GIBCO 1370163) and incubated for 3 minutes to allow the cells to
detach from the flask. An additional 5 mL of pre-warmed complete media was used to
prevent further trypsinisation

A TC20 automated cell counter (Bio-Rad, cat #145-0102) was used to count the
number of cells, which were then centrifuged at 100 xg for 5 minutes. The supernatant
was carefully removed with a sterilised aspiration pipette. At this point it was possible
to transfer the cells into two new flasks (thus dividing them) or preparing them for
storage. To store the cells, cell pellets were resuspended in 1 mL of chilled freezing
medium (90% FBS mixed with 10% of dimethyl sulfoxide [Sigma —Aldrich, D8418]).
The cells were then immediately transferred to a 2 mL cryotube and placed in a
CoolCell LX Freezing Container at -80°C for 24-48 hours and then placed for long-

term storage in liquid nitrogen.
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2.1.4 Cell counting

In this study, a TC20 automated cell counter (Bio- Rad, cat #145-0102), which is
designed to count the number of cells in 1 mL of PBS and illustrate the percentage of
viable cells, was used to count the cells. The cell pellet was suspended in 1 mL PBS
and the resulting 10 pL of cells were quickly and gently mixed with 10 pL of 0.4%
trypan blue. Subsequently, 10 uL of the total mixture was transferred to a Bio-Rad
counting slide (Bio-Rad cat # 145-0011).

2.2 siRNA (small interfering RNA)

The cell lines used in this experiment determined the number of cells and particular
media used. For HCT116 and H460, 1.5 x 10° cells were used, while for SW480 2.0 x
10° cells were used. The cells were seeded into 6-well plates and incubated to obtain
approximately 50-60% confluence. The transfection mix was prepared using 10 nM
siRNA (Qiagen) with 6 pL Hiperfect reagent (Qiagen, 301705) until 100 pL free
serum medium was obtained; the transfection mixture was then mixed in a vortex
machine. The transfection mixture was incubated at least for 25 minutes at room
temperature to ensure that it was mixed well. The siRNA mixture was then dropped
into the culture and the plates were carefully shaken to allow the siRNA to mix
uniformly. Finally, the plates were incubated under normal growth conditions. In this
experiment, a new treatment was prepared each day and each treatment was used for

three days (Table 2.2).

On the day of harvest, the cells were collected to extract protein and RNA in order to
examine the mRNA depletion, mainly by quantitative reverse transcription PCR (RT-
qPCR) and western blot. Untreated cells and the negative control siRNA were used as

controls, in addition to the target gene treatment.
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Table 2.2 The sequences of siRNA used for genes knockdown

Gene siRNA Name Source Target sequencing
Hs PRDM9 7 | Qiagen; SI04299890 5'-CCACACAGCCGTAATGACAAA-3'
PRDMY9 Hs PRDM9 8 | Qiagen; S104338747 5'-GTGGACAAGGTTTCAGTGTTA-3'
Hs PRDM9 10 | Qiagen; SI05105590 5'-GAAGAGAAATGTAAGATTCTA-3'
TEX19 Hs TEXI9 7 Qiagen: Hs FLJ35767 7 | 5-TTCAACATGGAGATCAGCTAA-3'
NI (Non- Negative Qiagen: 1022076
Interferece .
SIRNA) Control siRNA

2.3 Total RNA extraction and cDNA construction

An RNeasy Plus Mini Kit (Qiagen, #74136) was used according to the manufactuer’s
instruction to extract total RNA. The cells were washed in 1x PBS to remove any

residue of trypsinisation and then the PBS was removed.

RTL plus buffer was used to lyse the cells and to reveal inoperative RNase activity.
Based on the number of cells, different amounts of the buffer were used (350 pL for
less than 5 x 10° cells; approximately 600 pL for more than 10" cells). A gDNA
eliminator spin column was used to remove any genomic DNA at this stage. The
lysate was then transferred to a separate RNeasy spin column and the protocol buffer

was used to isolate the RNA.

A NanoDrop 2000 was used to determine the concentration and quality of the RNA.
The first strand of ¢cDNA was synthesised using the superscript III First Strand
Synthesis System (Thermo Fisher Scientific, #1808-051). 1- 2 ng of RNA were used
with the reverser transciptase reactions, in accordance with the manufacturer’s
instructions. RNase H treatment after cDNA synthesis was also used with all samples
to degrade residual RNA. The final cDNA obtained was diluted a 1:5 ratio with
DNase/RNase-free water and quality was assessed using RT-PCR and f ACT primers.
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2.4 Polymerase chain reaction

2.4.1 Qualitative RT-PCR

RT-PCR was amplified using 25 pL of MyTaq Red (Bioline, #BI0-25043). As per
the manufacturer’s instructions, each individual tube contained 0.5 pL each of primer,
Ix MyTaq Red and RNase-free water (REF P119) and 1 pL of cDNA. The PCR
amplification started with initial denaturation at 95°C for 1 minute, then denaturing at

the same temperature for 35—40 cycles.

The denatured mixture was annealed at a temperature for 15 seconds and the
extension was prepared for 30 seconds/kb. The annealing temperature was chosen
specifically for the set of primers designed for the reaction (as listed in Table 2.3).

The final step in this stage was elongation at 72°C for 5 minutes.

For all PCR products, a 0.8-1.5 % agarose gel (sigma, # A9539) prepared with 7 pL
peqGreen dye (Peqlab, #37-5000). The gels were run at approximately 100 V for 1
hour in TBE buffer (Alpha Laboratories, #EL0080) and visualised using the Bio-Rad
ChemiDoc XRS imaging system. During this study, 5 uL. of DNA markers (100 bp
[NEB, #N0467] or 50bp [NEB, #N0556]) was used to guide size assessment.

2.4.2 Primers design for RT-PCR

The gene sequences used were selected from the Database of the National Center for
Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/). Two sets of
primers (reverse and forward) were designed using Primer3 software (available at

http://www.Genome.wi.mit.edu/cgi-bin/ Primer/Primer3www.cgi). This software was

also used to check the length and annealing temperature of each sequence, which
prevented the formation of primer dimers as much as possible. The chosen primers
were  synthesised  using  Eurofins MWG  Operon  (available  at
http://www.Eurofinsgenomics.EU/). RNase-free water was used to dilute the primers

to a concentration of 10 pmol so that they were ready to use in PCR reactions.
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Table 2.3 The sequences for RT-PCR primers used in this study and the

expected size in base pair

Gene Primer | Primer Sequence Product | Annealing
Size (bp) | Temp.
°C
PACT F 5'- TGCTATCCCTGTACGCCTCT-3' 553 58
R 5'-T CGTCATACTCCTGCTTGCTG -3'
PRDM?Y9 F 5'-CAGGCTCAGAAACCAGTGTC-3' 655 60
R 5'-GTTCCTGGCCGTATTCATCC-3'
TEX19 F 5'- GTGCCCACATGAACAGAGAC-3' 345 60.5
R 5'- GACATGCCCTCTTCCTCATAC-3'
TEX19 F 5'- GCTTCAACATGGAGATCAGC-3' 386 58.4
R 5'- GAAGCTCCTCAAATCTCCAG-3'
GAGEI F 5'- TAGACCAAGGCGCTATGTAC -3' 245 58.4
R 5'- CATCAGGACCATCTTCACAC -3
SSX2 F 5'- CAGAGATCCAAAAGGCC -3' 407 58.4
R 5'- CTCGTGAATCTTCTCAGAGG -3'
RECS F 5'- GTTGGTGAAGCGCGAATACC -3' 488 60.5
R 5'- GGAACTTCAGGAGGGATCTC -3'
MAGEAI F 5'- CCCACTACCATCAACTTCAC -3' 676 58.4
R 5'- CTCTTGCACTGACCTTGATC -3'
MORC1 F 5'- CAGGAGCTGTGCAATGATGT -3' 455 58.4
R 5'- CATTGCCCCAGAGAGATTTC -3'
MORC2 F 5'- TGACCTGCCTCTTCCTGTCT -3' 776 58.4
R 5'- GAACATGCCATCCAGATCCC -3'
PRDM1 F 5'-CAGTGCCTTCTCCTTTACCG-3' 768 60.5
R 5'-ATGTCATCCTCCACGTCCTC-3'
PRDM6 F 5'-GCACCTGGATTGGACCTTTC-3' 384 60.5
R 5'-CTTGTCTGCACATGGCTTCC-3'
PRDM4 F 5'-GGGGACAGGTCATGTAGATG-3' 384 60.5
R 5'-TGTCCCTGGGTAGGAAGATG-3'
STRAS8 F 5'-TGGCAGGTTCTGAATAAGGC3' 723 58.4
R 5'-GAAGCTTGCCACATCAAAGG-3'
SYCE1 F 5'- CTGCTCAAGGAAGAGAAGCT -3' 318 60.5
R 5'- CTCTTCCTCTTGTGTGCTCT -3'
SYCE2 F 5'- CTTCTCCTCTCTGGACTCAA -3 339 60.5
R 5'- CATCTGAGTCTTAGGCTCTG -3'
SYCPI F 5'- GGTCAGCAGAAAGCAAGCAA -3 645 60.5
R 5'- GGCAGATGTCCACAGATAGT -3'
SYCP3 F 5'- GTCTTCTGCAGGAGTAGTTG -3' 509 58.4
R 5'- CACTTGCTATCTCTTGCTGC -3'
NUT F 5'-CACCACCAGTTGCTCAACTG-3' 623 60
R 5'-CTCCTTCACAGCTTCTGGTG-3'
ODF4 F 5'-GACAAGATGGGAGACTGCTG-3' 602 60.5
R

5'- GGTGTCTGTGATCGTCTGTG 3'
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SEPTI2 F 5'- CTGCAGCTGCATTCACTGAC -3 608 60.5
R 5'- CGGATAAGCAGGTCTCTCAG -3'
TDRDI2 F 5'-GAGCTAAAGTGCTGGTGCAG-3' 641 60.5
R 5'- CTGAGGTCACCGACAATACC -3'
MAGEBS F 5'- CCTCCACTGAGAGTTCATGC -3 655 60.5
R 5'- CTTGGGCTCTCTTCCTCATC -3'
L1 ORF1 F 5'-TCC TCA CCA GCA ACA GAAC -3 207 60
R 5'-TTT CAG CTC CAT CAG CTCC -3
PRDM7 F 5'- CTTCATTGACAGCTGTGCTG -3' 755 60.5
R 5'- AGTTCCTGGCCATACTCATC -3'
PRDM11 F 5'- AAAGCTTCCAGCAAGTGGAC -3' 680 60.5
R 5'- TACATCCCCCTCATCAAAGC -3
HORMADI F 5'- GCCCAGGATCTACACAGTTA -3 684 60.5
R 5'- CCATTCGTTCTCTCTCAGTG -3'
HORMAD?2 F 5'- GAGAGCTCTTATGGAGAACG-3' 707 60.5
R 5'- CTGGAGCACTCAGAACTTTG-3'

2.4.3 Quantitative Real-time PCR

Go Taq qPCR Master Mix (Promega, #A6001) was used to initiate the qRT-PCR
reaction in a Bio-Rad CFX96 Real-Time PCR Detection System C100 thermal cycler
in a Hard-Shell 96-well plate (Bio-Rad, #9655). Each individual sample was tripled to

obtain a final amount of 20 pL.

Every reaction mixture consisted of 1X qPCR Master Mix and primers were obtained
at a final concentration of 0.2 uM and 2 pL of diluted cDNA. The studied sequences
were amplified with an initial denaturation hold at 95°C for 10 minutes, 40 cycles at
60°C for 30 seconds and finally at 72°C for 10 seconds (the elongation stage). A melt

curve study was considered after the 40 cycles of reaction were complete.

Bio-Rad CFX Manager 3.0 software was used to examine the primers’ specificity and
efficiency as well as to evaluate gene expression and the cycle threshold. Commercial
primers (Qiagen, QuantiTech Primer Assay) and designed q-PCR primers were used

in this study, as shown in the primer list presented in Tables 2.4
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Table 2.4 List of RT-qPCR primers

Gene Assay Name Cat.number
pACT Hs ACTB 1 SG Qiagen; QT00095431
GAPDH Hs GAPDH 2 SG Qiagen; QT0192646
PRDMY Hs PRDMY9 1 SG Qiagen; QT01023631
TEX19 Hs TEX19 1 SG Qiagen; QT00033047
MAGEAI Hs MAGEA1 1 SG Qiagen; QT00012320
Non-commercial primers
Gene Primer Primer Sequence
ORF1 F 5'-AAACCAAGGCTCGAGAACTACGT-3'
R 5'-CATTGCTGATACCCTTTCTTCCA-3'

2.5 Protein Extraction

2.5.1 Whole-cell lysate

The cell pellets suspended in 1x PBS were transferred to a sterilised Eppendorf tube
and spun at 4,000 g at 4°C for 2 minutes. The supernatant was then carefully removed
using an aspiration pipette, leaving just the pellet. M-PER lysis buffer (Thermo Fisher
Scientific, #78503) was used to lyse the whole cell. M-PER reagent was used because
of the pellets’ weight (15 pL of M-PER buffer/1 pg pellet).

According to the manufacturer’s instructions, M-PER buffer was complemented with
Phosphatase Inhibitor Cocktail and Halt Protease Inhibitor Cocktail (Thermo Fisher
Scientific, #78420 and #87785, respectively). The tube containing the whole cell
suspension was shaken for 10 minutes at room temperature and then spun at 4°C at
14,000 xg for 15 minutes. The protein concentration was quantified using a Nanodrop
(Thermo Fisher Scientific) and a BCA Protein Assay Kit (Thermo Fisher Scientific,
#23227), as standard.
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2.5.2 Histone extraction lysate

In this study, the Histone Extraction Kit (Abcam, #ab113476) was used as a selective
method to extract histone proteins. In the first step, pellets were harvested using a cold
centrifuge at 4°C and 1000 r.p.m for 4 minutes. Subsequently, the cells were re-
suspended in 1X pre-lysis buffer (approximately 10’ cells/mL) and lysed on ice for
approximately 10 minutes, stirring occasionally. The mixture was subjected to cold
centrifugation at 4°C and 10,000 r.p.m for 90 seconds. The supernatant was removed
immediately and the cells were re-suspended using lysis buffer (approximately 180
uL/107 cells); the tube was then incubated on ice for approximately 30-35 minutes.
The mixture was centrifuged at 4°C and 12,000 r.p.m for 6 minutes, the supernatant
(including acid-soluble proteins) was transferred to a new sterilised Eppendorf tube
and 0.3 mL of Balance-DTT buffer was immediately added to 1 mL of supernatant.
The protein concentration was then quantified using a NanoDrop (Thermo Fisher

Scientific) and a BCA Protein Assay Kit (Thermo Fisher Scientific, #23227).

2.6 Western Blot

Nearly 30 pg of extracted protein was used in each individual well for western blot
analysis. The protein samples were prepared by adding a suitable amount of 4x LDS
sample loading dye (Invitrogen, #NP0007) and 10x Reducing agent (Invitrogen,
#NP0004), supplemented with sterile RNA-free water to obtain a total volume of 15
uL. Each blended sample was boiled at nearly 70°C for 12 minutes. The first lane of
the gel was loaded with a Precision Plus Protein Dual Color Standard protein ladder

(Bio-Rad, #1610374).

All prepared samples were loaded on NuPAGE Novex 4-12% Bis-Tris (Thermo
Fisher Scientific, #NP0322) in buffer consisting of NuPAGE MOPS SDS (Thermo
Fisher Scientific, #NP0001) at 103 V for 65 minutes. The proteins were then
transferred to a nitrocellulose membrane (Amersham, Lot num: A10043101) by using
Trans-blot® TurboTM RTA Mini PVDF transfer Kit (Bio-Rad cat# 1704272) that
was prepared in a semi dry transfer programme device (Trans-Blot® TurboTM
Biorad; # 1704150) at 2.5 A for 7 minutes. The transfer mixture consisted of 600 mL
of distilled water, 200 mL 100% absolute ethanol and 200 mL of 5x transfer buffer
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(Bio-Rad, #10026938). This mixture was shaken well at room temperature for 20
minutes. The transferred membrane was incubated at room temperature for at least 1
hour in milk solution (10% fat-free milk in 1x PBS and 0.5% Tween-20 [Sigma-
Aldrich, #P1379]). The primary antibody was then diluted with blocking buffer to a
suitable concentration and incubated with the transferred membrane at 4°C overnight
on a shaker (Table 2.5).

The membrane was washed in washing solution (0.5% Tween mixed with 1x PBS) for
10 minutes three times at room temperature with gentle shaking, then incubated in the
milk solution with corresponding secondary antibodies at room temperature for 1 hour
with careful shaking. The membrane was then washed for 10 minutes three times at
room temperature to remove any unbound antibodies. The secondary antibodies used

in this study are illustrated in Table 2.6

Different ECL were used as to detect the signals: Chemiluminescent Peroxidase
Substrate-3 from (Sigma-Aldrich; #CPS3100-1KT) or Pierce ECL Plus substrate from
(ThermoFisher Scientific; #32132). Finally, the membrane was exposed to X-ray film
(Thermo Fisher Scientific; #34091) in a dark room for a favourable time of
exposureor photographed with a ChemiDoc XRS+ Imaging System digital camera
(Bio-Rad #1708265). The ImageLabTM software 4.1 programme was chosen for
visualisation. However, blocking buffer from abcam (Ab126587) and washing
solution from Thermo Fisher (28358) were used for histone methylation western

blotting.

Table 2.5 The primary antibodies used for the western blot analyses and their
dilutions

Primary Antibody Host Source Dilution CATH
Anti-PRDM9 Rabbit | Abcam 1:1000 Ab85654
Anti-PRDM9 Rabbit | Abcam 1:1000 Ab101013
Anti-TEX19 Sheep | R&D 1:250 AF6319
Anti-LINE-1 ORFl1p Mouse | Merck 1:250 MABC1152
Millipore
Anti-H3K4 (mono) methyl | Rabbit | Cell Signalling | 1:1000 97328
Anti-H3K4 (di) methyl Rabbit | Abcam 1:5000 Ab32356
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Anti-H3K4 (tri) methyl Rabbit | Abcam 1:5000 Ab8580
Anti-H3k9(Tri) methyl Mouse | GeneTEX 1:1000 Gtx50900
Anti-H3K18 Ac Rabbit | Cell Signalling | 1:1000 13998s
Anti-GAPDH Mouse | Santa Cruz 1:3000 SC-365062
Anti —Total H3 Mouse | Abcam 1:1000 Ab10799
Anti-H3K9 AC Mouse | Abcam 1:500 Ab12179
Anti-H3K36me3 Rabbit | Cell Signalling | 1:1000 9763
Anti-H3K4me3 Rabbit | Cell Signalling | 1:1000 9727

Table 2.6 The secondary antibodies used for the western blot analyses and their
dilutions

Secondary Species Source Dilution CATH#
Antibody reactivity

Anti-Mouse Mouse Cell Signalling 1:3000 7076
Anti-Rabbit Rabbit Cell Signalling 1:3000 7074
Anti-Sheep Sheep R&D 1:20000 HAFO016
Anti- Mouse Mouse Thermo Scientific | 1:5000 SA234709
DyLight

Anti-Rabbit Rabbit Abcam 1:5000 Ab216777
DyLight

2.7 Proliferation curve preparation

Cells were grown in 6-well plates at particular concentrations based on the cell line
(10° cells/mL for HCT116 and 2x10° cells/mL for SW480 cells); the final volume was
2 mL/well. Treatment with non-interfering RNA/siRNA was conducted daily to
traeats cells, as mentioned in Section 2.2. Throughout this study, all experiments were
carried out in triplicate and the morphology of cells were recorded daily. Trypan blue
(Invitrogen, 15250-061) and a TC20 automated cell counter (Bio-Rad, #1450102)

were used to count cells after trypsinisation and as the basis for designing the curve.
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2.8 The cloning of Flag N terminal and c- myc into pTRE-3G Vector

2.8.1 Primers design and PCR amplification

The full open reading frame of PRDM9 was obtained from the NCBL. PRDM9 was
cloned into pGEM then it was used as a template. Amplification of template
(PRDMY) was carried out using primers including tags, N-FLAG, C-Myc and
restriction site (Table 2.7) PRDMY cDNA included with N-FLAG, C-Myc tags then
were cloned into pTRE-3G. BamHI and Nhel were used as restriction enzyme in

cloning.

The PCR conditions start with pre-cycling melting for 30 seconds at 98°C, 35 cycles
of denaturing for 10 seconds at 98°C and at annealing temperature (60—65°C) for 30
seconds. The extension stage lasted for 30 seconds at 72°C/kb and a final extension
process was conducted for 10 minutes at 72°C. To check, 5 puL of the PCR reaction

was run on 1% agarose gel.

Table 2.7 Primer sequences used for cloning and their expected size

Gene | Primer Primer Sequence Product | Annealing
Size (bp) | Temp
°C

PRDM?9 F S'TTCGCTAGCATGTACAAAGACGATGACGACAA 2658 58
-NFLAG GATGAGCCCT 3

R 5' GAAGGATCCTTACTCATCCTCCCTGCAGA 3' 60
PRDM?9 F 5'TCCGCTAGCATGAGCCCTGAAAAGTCCCAAGA 2658 58
-CMYC 3

R 5S'GAAGGATCCTTACAGGTCCTCCTCGAAGATCAG 58

CTTCTGCTCCTC 3'

2.8.2 Purification and DNA digestion

The PCR reactions were prepared at a total final volume of 50 pL. Twenty-five pL of
PCR products were mixed with 5 pL. of blue loading dye (NEB, B7021S) and run on
1% agarose gel, after which particular bands were chosen for purification. Nucleospin
Gel and PCR Clean-up (MACHEREY-NAGEL, #740609-250) were used to purify
the PCR products. Nearly 25 puL of the purified PCR product was digested using 5 L.
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of CutSmart TM Buffer (Bioline, B7204S) buffer, 1 puL of restriction enzyme and 18
uL of distilled water to obtain a final volume of 50 pL. Then samples were incubated

at 37°C for approximately 2 hours followed by run on a 1% agarose gel.

2.8.3 Ligation and transformation

The N-FLAG:PRDM9 and C-myc:PRDM9 was ligated in pTRE-3G plasmid
individually. The concentration of the inserted DNA and plasmid was measured using
NanoDrop (ND_1000). The ligation mixture consisted of 50 ng of vector mixed with
the detected molar ratio of the insert, 1 pL of T4 DNA ligase (Promega, M180A) and
1 uL of 10x ligase buffer (Promega, C126B). At final stage, 20 uL. of ddH20O (Sigma,
W4502) was added to the DNA ligation mixture.

The ligation mixture was carefully mixed, and short spun then incubated at 4°C
overnight. Transformation was carried out by preparing a vial of NEB 10-beta
competent E. coli (BioLabs, C3019H) and placing it on ice for approximately 10
minutes to thaw. In accordance with the manufacturer’s instructions, 5 pl of ligation
mixture was added to Escherichia coli (BioLabs, C3019H) and chilled for 30 minutes
on ice with gentle flicking; it was heat shocked in a 42°C water bath for 30 seconds
and then samples were chilled on ice again for 5 minutes. 950 puL of Super Optimal
broth with Catabolite repression (SOC) was added to the mixture, which was
incubated at 37°C and shaken vigorously at 250 r.p.m for 1 hour. Samples were plated
on LB agar petri dishes containing 100 mg/mL ampicillin (Sigma, A9518) and all

plates were incubated at 37°C overnight.

To complete this stage, serial dilutions of transformation reaction prepared and the
samples were plated on LB agar petri plates containing 100 mg/mL ampicillin
(Sigma, A9518). All plates were then transferred for overnight incubation at 37°C
(Table 2.8).
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Table 2.8 Reagent to prepare LB and LB agar media for E. coli growth

Media Amount

Luria Broth (LB)

NaCl 10g

Yeast extract S5g
Tryptone 10g
Water up to 1 litre

For LB agar plates
Agar 10g
Water up to 1 litre

2.8.4 Colony screening

Sterilised micropipette tips were used to pick up several colonies from the overnight
plates after transformation. Each individual colony was rinsed with 20 uL water. The
PCR reaction was carried out using an internal primer to detect the presence of
PRDMY in the chosen colonies. The PCR reaction mixture consisted of 5 uL. of a
colony mixed with 0.5 puL of each primer, 12.5 pL of 2x MyTaq redMax, and 6.5 pL
of distilled water. The rest of the water/colony mixtures, including the positive PCR
colonies, were inocubated overnight at 37°C in 5 mL of LB liquid medium has 100

mg/mL ampicillin.

2.8.5 Plasmid isolation from E. coli

A mini preparation was performed using approximately 5 mL of E. coli overnight
culture and 100 mg/mL ampicillin. A QIAprep Spin Miniprep Kit (250) (Qiagen,
27106) was used to extract plasmids from the bacterial culture according to the
manufacturer’s instructions. Cells were harvested from the culture by centrifuging it

at 4°C and 4,000 xg for 10 minutes. P1 buffer was used to resuspend the pellet, which
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was then moved to a fresh clean sterilize Eppendorf tube. 250 uL of P2 buffer was
added followed by 350 pL of N3 buffer. The tubes were centrifuged for
approximately 10 minutes at 13,000 xg. The supernatant was then moved to a spin
tube and centrifuged for 1 minute at 13,000 xg. 750 pL of PE washing buffer was
added, the columns were spun once more for 1 minute at 13,000 xg and the
supernatant wash was aspirated. The columns were centrifuged once more to remove
any remaining washing buffer. Finally, the samples were eluted using 50 pL of
elution buffer. The purified plasmid sample was digested by the detected restriction
enzymes to confirm that the correct strand was cloned and the cloned genes were
sequenced to determine that they were the correct orientation and to check for any

mutations.

2.8.6 E. coli glycerol stock

Based on the positive PCR results, the residual LB/colony mixture (approximately 17
uL) was moved to a 50 mL tube containing 10 mL of a mixture of the LB medium
with sufficient antibiotic. The tube was incubated overnight at 37°C with vigorous
shaking. The following day, 1 mL of the bacteria culture was mixed with
approximately 200 pL of sterile glycerol in a new cryovial and mixed in a vortex
machine for short while. The following data was recorded: cloned ID, plasmid name,
bacteria strain, cloning site and date on the vial, and the tube was placed in a -80°C

freezer for long-term storage.

2.9 Establishing of a double Tet-On 3G stable cell line

2.9.1 Puromycin selection

The HCT116 cell line was grown in 6-well plates containing a specific medium (see
Table 2.1) with 100 pg/mL of G418. Approximately seven doses of puromycin were
added to the plate each day to determine the smallest dose of puromycin required to
kill all cells within 4 to 5 days. 4 pg/mL was chosen as the minimum dose for colony

selection.
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2.9.2 Creating of double stable HCT116 Tet-On 3G stable cell line

HCT116 Tet-On 3G cell lines were grown in a 6-well plate until they reached
confluence level. It was prepared to evolve double stable HCT116 Tet-On 3G cell
lines including N-FLAG:PRDM9 and C-myc:PRDM9. 2 ng sample of recombinant
vector pTRE3G including PRDM9 was then transfected in each well in addition to
100 ng of linear puromycin as a selection marker (20:1 ratio), with help of Xfect
transfection mixture (Clontech, #PT5003-2) regarding to the protocol provided with
manufacturer. After 2 days the confluent cells were transferred to 10 cm dishes and
cultured for a further 2 days. Media, including 4 pg/mL puromycin and 100 pg/mL of
Geneticin, were then added to the dishes and refreshed every 4 days. After 6-—8 days
each healthy single colony was picked and transferred to a 24-well plate. The cells
were cultured with a suitable concentration of selective antibiotics (G418 and
puromycin). The confluent cells were divided into 3 wells of a 6-well plate and
transferred to T75 flasks when they became confluent. Some samples were screened

and the rest were frozen in liquid nitrogen.

2.9.3 Examination of a double stable HCT116 Tet-On 3G stable cell line

Gene induction was checked using doxycycline (Sigma, D9891-5G) for each colony.
In this experiment, each clone was cultured in a 10 cm dish and 1 pg/mL of
doxycycline was used on positive plates. The negative control was cultured but no
doxycycline was added. The cells were incubated in a protected humidified incubator
for 48 hours at 37°C in 5% CO2; they were then harvested and their RNA was
extracted and used for RT-PCR and qRT-PCR to determine whether or not the
expression of PRDM?Y had been induced.
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2.9.4 Sequencing PCR results

Samples of 500 ng/uL of DNA were sent for sequencing and mixed with sterile water
in ready-labelled tubes. This plasmid was sequenced with primers designed by
Eurofins Company to prove that the PRDM9 ¢cDNA with tags was correctly cloned in
the right orientation without mutations. The BLAST was used to check the
sequencing results. These results were blasted and aligned with the corresponding

genes.
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Chapter 3

Functional analysis and potential roles of PRDM9 in
cancer cells
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3. Functional analysis and potential roles of PRDM9 in cancer cells

3.1 Introduction

Around 19 transcription activators are encoded by the PRDM family. A SET domain
is present in these activators and histone methyltransferase activity has proven to be a
characteristic feature of this domain. This domain is followed by numerous motifs of
a zinc finger and these motifs promote protein-RNA, protein-DNA and protein-
protein interactions. It is interesting to note that oncogenic properties are
demonstrated by PRDM family members. It has been established that alterations in
several members of this family are linked to development of cancer (Sorrentino et al.,

2018).

The role of the PRDMO in regulation of transcription has long been established. An
orthologue of PRDMY9 in mice is Meisetz has proven to be a histone
methyltransferase. It is essentially involved in prophase I progression during initial
stages of meiosis I prophase. Researchers have detected Meisetz transcripts only in
germ cells of female foetal gonads and postnatal testis during meiosis I (Hayashi et
al., 2005). According to Hayashi et al. (2005), damage to the Meistz gene in mice
results in sterility in both genders due to impaired meiotic double-stranded break
(DSB) repair mechanism, impaired sex body production and disturbance in pairing of
homologous chromosomes. The role of Meisetz as a transcriptional activator during
meiotic division has also been confirmed. Meisetz also controls the expression of
Morc2b (testis specific RIK gene). Expression of human PRDM9 has been detected in
numerous cancer cell lines and its absence in healthy cells; however, testis germ cells
are the exception (Feichtinger et al., 2012). It has been proposed that the PRDM9
gene can serve as a promising CT gene biomarker and it can be utilized in several

areas of cancer therapy, including immunotherapy and/or cancer vaccination.

A characteristic feature of cancer is over proliferation of cells which involves
disruption of the cell signalling system responsible for controlling the cell cycle. With
the passage of time, cancer cells proliferate in an unchecked manner and escape the
process of programmed cell death. Researchers have identified that expression of

CTA genes is correlated with the rate of proliferation of cancerous cells. For example,
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Maxfield and colleagues (2015) demonstrated the effect of expression of CTA genes
on the viability of cancerous cells. Similarly, Lajmi et al. (2015) reported that
proliferation rate and viability of melanoma cells is negatively affected by the
disturbed expression of MAGEC2. According to Wang et al. (2016) increased
expression of the MAGE-AIl gene may induce the oncogenic process and this
augments the division of multiple myeloma cells. Conversely, reduced expression

causes reduction in proliferation of melanoma cells.

It has been demonstrated through studies that binding of PRDM9 with certain motifs
of DNA facilitate trimethylation of histones at lysine K4 and K36 (H3K4me3 and
H3K36me3) through methyltransferases activity which is brought about by PR/SET
domain. As a consequence, during meiosis proteins required to initiate DSBs are
recruited close to its binding site. It can therefore be stated that the sites for meiotic
recombination is determined by the PRDM9 protein in addition to its transcription
activator role. The histone methyltransferase action of PRDM9, which has been
shown in vitro, has also been demonstrated in vivo. For this purpose, H3K4me3 and
H3K36me3 was enriched at recombination hotspots determined by the PRDM9
protein (Powers et al., 2016). Yamada et al., (2017) have discovered that distribution
genomic of PRDM9 dependent H3K4me3 is strongly correlated with H3K36me3.
Also, the greatest degree of enrichment is noticed at the nucleosomes present adjacent

to the site of PRDMY binding.

The goal of this chapter was to study PRDM9 biological activity in various cancer
cells. We aimed to address whether PRDMO can influence cancer cell survival. RT-
PCR was utilized to study whether overexpression of PRDM9 in cancer cells could
alter the expression of different genes which might influence the oncogenic

characteristics of the cells.
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3.2 Results

3.2.1 Knockdown of PRDM9 in SW480 cells

PRDM9 mRNA knockdown was performed in a SW480 cell line utilising various
small interfering RNA. Four different siRNAs (the Qiagen Company) were used to
deplete the PRDM9 gene transcripts. As there is considerable homology between
PRDM7 and PRDM9 sequences, siRNAs were used to specifically target and effect
PRDM?9 transcripts. The negative control was non-interfering RNAs. All siRNAs
were transferred into cultures for 3 days, then RNA was extracted from all the
cultures. qRT - PCR was used to detect the mRNA of PRDM9 and measure
efficiency of depletion. The data in Figure 3.1 show that the cells cultured with
siRNA7 and siRNA10 presented obvious alteration in PRDMY9 mRNA levels relative
to the non-interfering siRNA (Ni) control.

3.2.2 Examination of protein levels following PRDM9 siRNA treatment in
SW480 cells

Western blotting was used to assess the levels of the PRDM9 protein following the
treatment of the siRNAs. siRNAs were utilized for 3 days, then cells were harvested

and protein extracted.

An anti -PRDM9 polyclonal antibody (Abcam-ab85654) was utilized to identify
PRDMO protein levels. Extract from untreated cells, as well as the non-interference
controls presented band at nearly 103 kDa using the anti-PRDM9 antibody. Data
presented a clear depletion of the PRDM9 protein level when siRNA 7 and 10 were
used, which is consistent with the qRT — PCR analysis (Figure 3.2). GAPDH analysis

was carried out in this study to examine the quality of loading.
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Figure 3.1 qRT-PCR showing the mRNA levels of PRDMY after siRNA
treatment in SW480 cells. 4 different siRNAs were utilized 7, 8, 10 and
combination of two siRNAs (8 and 10) to deplete PRDM9 in the SW480 cell line.
The bar chart displays the mRNA levels of PRDM9. The PRDMY9 mRNA data were
normalised to the qRT-PCR data of two genes, GAPDH and SACT. P values
presented significant changes when siRNA7 and siRNA10 were utilised compared
to the non-interference (** P value < 0.01 and *** P value < 0.001).
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Figure 3.2 Western blot technique illustrating the amount of PRDMY protein
following siRNA treatment in SW480 cells. To deplete PRDM9 in the SW480
cell line 4 siRNA treatments were utilized; 7, 8, 10 and siRNAs 8 and 10 combined
(8 and 10 mix) . Depletion, indicated by relative reduction in intensity of 103 kDa
band, was observed in siRNA 7 and siRNA 10, a slight effect, compared to both
the untreated cells and non-interference siRNA. GAPDH detection was employed
as a loading control.
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3.2.3 Impact of PRDMY depletion on SW480 cell proliferation

A study of the alterations of cell proliferation was carried out. siRNA 7 was used for 7
days in addition to untreated cells and non-interference (as controls) to examine the
impact of PRDMO depletion. Every day, we harvested cells and the total number of
cells was documented (Figure 3.3.I). The qRT-PCR technique was carried out to
examine the ability of PRDM9 mRNA depletion in siRNA7 cultures, as illustrated in

Figure 3.3.11. siRNA treats caused a decrease in proliferation and total cell counts.

3.2.4 Knockdown of PRDM9 in HCT116 cells

An attempt to knockdown PRDM9 mRNAwas carried out using 4 types of PRDMY
siRNAs in an HCT116 cell line. Gene expression of PRDM9 was examined utilizing
qRT-PCR to detect whether PRDM9 mRNA decreased following siRNA knockdown
after 3 days of treatment in various types of siRNAs. The qRT-PCR data displayed
notable knockdown of PRDM9 mRNA in the HCT116 cells. The depletion was
detected in siRNAs 7 relative to non-interference (Figure 3.4). The PRDM9 qRT-PCR
data were normalised to GAPDH and pACT.

3.2.5 Examination of protein levels following siRNA treatment in HCT116
cells

Examination of the alterations of the PRDMY protein following the treatment of
siRNA was done using western blotting. siRNAs were used for 3 days then we
harvested cells and whole cell lysates were collected. A new batch of anti-PRDM9
(Abcam-ab85654) antibody was used to identify the PRDM?9 protein level. Untreated
cells as well as the non-interference siRNA presented an obvious band in nearly 103
kDa utilizing the anti-PRDM9 antibody. The data showed clear depletion of PRDM9
protein level when siRNA 7 was used (Figure 3.5). GAPDH was used in this study as

a positive loading control.
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Figure 3.3 Cell proliferation curve of SW480 cells constructed utilising PRDM9
siRNAs 7 for 7 days. I) The curve displays cell counts of treatment for 7 days.
Notable changes in the cell counts were detected comparing untreated cells as well as
non-interference siRNA. II) The efficiency of depletion of PRDM9 was assessed
utilising qRT-PCR (** P value < 0.01 and *** P value < 0.001).
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Figure 3.4 qRT-PCR analysis of PRDM9 mRNA levels after siRNA treatment in
HCT116 cells. 4 different siRNAs were utilized 7, 8, 10 and combination of two
siRNAs (8 and 10) to deplete PRDM9 in the HCT116 cell line. The data display the
PRDMY9 mRNA levels. The PRDMY9 data were normalised to the qRT-PCR data of two
genes GAPDH and BACT. P values presented noticeable changes when siRNA7 was
utilised, relative to the non-interference (* P value < 0.05).
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Figure 3.5 Western blot showing the amount of PRDM9 protein following siRNA
treatment in HCT116 cells. Different siRNAs were utilized 7, 8, 10 and
combination of two siRNAs (8 and 10) to deplete PRDMY in the HCT116 cell line.
Depletion was observed in cultures treated with siRNA 7 (at the size of roughly 103
kDa) compared to both the untreated cells and non-interference. GAPDH was utilized
in this study as a positive loading control.
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3.2.6 Examination of the validity of the expression of PRDM?Y created clones

Integration of PRDMY into HeLa Tet-On 3G cells was previously prepared in the
McFarlane group (Ahmad Almatrafi, PhD thesis, 2014). The HeLa Tet-On 3G cell
line permits a gene of interest to be induced using doxycycline. This was carried out
to establish a double stable cell line involving pTRE3G:PRDM9 vector as well as the
transactivator protein of Tet-On which allow the regulation of PRDM9 expression
using doxycycline. Two clones (A and B) were constructed to investigate PRDMY

function.

RT-PCR and qRT-PCR were used to examine the induction of PRDMY in clone A and
clone B. A colony that had pTRE3G (the vector) was considered a negative control.
Separately, each clone (A and B) was cultured in the presence of 1 pg/ml doxycycline
(activating transcription). The same number of cells were cultured in absence of
doxycycline. Cells were harvested and the total RNA was isolated to synthesise
cDNA to examine PRDMY expression in the absence and the presence of
doxycycline. fACT expression was used to test the quality of the synthesised cDNA
(Figure 3.6). cDNA from testis was considered a positive control for this experiment

to examine the expression of PRDMY.

qRT -PCR was carried out for further analysis to measure the expression of PRDM9
in clones A and B following addition of doxycycline. RT-PCR analysis illustrated an
observed expression of PRDM9 in clone A as well as clone B after treatment of the
cells with 1 pg/ml doxycycline, while there was no expression of PRDMY9 in the
untreated cultures. The PRDMY results were controlled to the qRT -PCR data of two
reference genes GAPDH and fACT. qRT -PCR corresponded to the conventional RT -
PCR data, and it showed significant induction of PRDM9 after 24 hours of culture
treatment; however, no expression of PRDM9 was detected in the absence of

doxycycline.
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Figure 3.6 Analysis of expression of PRDMY in 2 independent clones. 1) RT-PCR
data illustrate the expression of PRDMY in the presence and absence of doxycycline.
The agarose gel shows expression of SACT as a positive control for examination of the
quality of the cDNA. A pTRE3G clone is presented as a negative control, while the
testis is presented as a positive control for PRDM9 expression. II) qRT-PCR analysis
shows the mRNA levels of PRDMY for each clone after addition of doxycycline
treatments in a HeLa Tet-On 3G cell. The PRDM9 data were relative to the qRT -PCR
data of 2 references genes, GAPDH and SACT.
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3.2.7 PRDMY could serves as a transcriptional activator

Van der Bruggene and co-workers (1991) discovered the melanoma-associated
antigens known as MAGE. These antigens are members of the CTA family (van der
Bruggen et al., 1991; Xiao & Chen, 2004). Around 55 members are present in the
MAGE family, and these have been grouped into two sub-families, namely MAGE-I
and MAGE-II. MAGE-I contains MAGE-A, MAGE-B and MAGE-C sub-group.
MAGE-D sub group has been placed in the MAGE-II sub-family (Sang et al., 2011;
Zajac et al., 2017). MAGE-A antigens have proven to be strictly tumour-specific.
There are 12 members of the MAGE-A group (MAGE-A1 to MAGE-A12), and these
are found in numerous tumour tissues including those of bladder carcinoma, breast

cancer, and lung cancer (Zajac et al., 2017).

Here, we used RT-PCR and qRT-PCR analysis to examine weather high expression of
PRDMY can influence expression of MAGEAI (Figure 3.7 and Figure 3.8). We
extracted RNA from two independent PRDM9 expressing clones (A and B). Each
clone was harvested from a culture that was treated either in the presence or absence

of 1 pg/ml doxycycline for 1 day. cDNA was then produced from each clone.

The results, presented in Figure 3.7, show slightly increased MAGEAI expression
especially in clone B after the overexpression of PRDM9. qRT -PCR was utilized to
quantify MAGEAI mRNA levels following overexpression of PRDM9 (Figure 3.8.1).
MAGEAI mRNAs showed a high level of expression after doxycycline induction,
specifically in clone B, which was correlated to the mRNA levels of PRDM9 (Figure
3.8.1D). In light of these data, PRDM9 may have the ability, as transcription activator,
to activate MAGEAI expression.
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Figure 3.7 RT-PCR analysis displays MAGEAI gene expression following the
induction of PRDMY9 in HeLa Tet-On 3G cells. The quality of the cDNA was
examined by checking fACT mRNA. Clear expression of PRDMY was detected
following doxycycline induction in both clones (A as well as B); while in the
absence of doxycycline no expression of PRDM9 was detected. A pTRE3G clone
was considered a negative control, while the testis is presented to examine MAGEA 1
and PRDM?9 expression. MAGEAI expression was seen after doxycycline induction,
which was correlated to PRDMY expression. 1% agarose gel prepared with pic green
was used to detect the PCR products.
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Figure 3.8 qRT-PCR analysis of the mRNA levels of PRDM9 and MAGEAI for
each clone in the presence of doxycycline treatments in HeLa Tet-On 3G. I) The bar
chart displays the levels of PRDM9 mRNA in the presence of doxycycline treatments in
both clones (A as well as B). P values presented significant changes in presence of
doxycycline in both clones (A and B), relative to the presence of doxycycline in
(pTRE3G) (** P value < 0.01 and **** P value < 0.0001). II) Data displays the
MAGEAI mRNA levels in the presence of doxycycline treatments in both clones (A as
well as B). P values presented significant changes in presence of doxycycline in (B),
relative to the presence of doxycycline in (pTRE3G) (**** P value < 0.0001). The
PRDMY and MAGEAI data were normalised to the qRT -PCR data of two genes,
GAPDH and BACT.
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3.2.8 The impact of overexpression of PRDM9 on MORK genes

In the mouse, Hayashi and co-workers (2005) recognised that PRDM9 was involved
in the regulation expression of some genes, including Morc2b (Hayashi et al., 2005).
Here, we tried to answer whether the overexpression of human PRDMY changes the
expression of human MORC genes. RT-PCR analysis was used to examine the impact
of PRDM9 high expression in the MORC genes (MORCI, MORC2 and MORC3).
Data, presented in Figure 3.9, show that MORC1 has no expression following PRDM9
overexpression. On the other hand, MORC2 and MORC3 presented expression either
in uninduced or induced HeLa Tet-On 3G Cells with pTRE3G presented identical

results for these genes. These data need additional investigation using qRT-PCR.

3.2.9 The impact of overexpression of PRDMY on several genes of the PRDM
group

RT-PCR analysis was utilised to examine the link between PRDM9 expression and
several PRDM genes. cDNAs were created individually from each clone (A, B and
pTRE3G) following treatment with doxycycline. Data, presented in Figure 3.10, show
an increase of PRDM1 expression in Clone A after 24 and 48 hours of doxycycline
treatment. In the case of the PRDM7 gene, there is a clear induction following
PRDM?9 induction. PRDM6 and PRDM4 genes display no apparent alterations in
expression following induction of PRDMY.
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Figure 3.9 RT-PCR analyses display MORC gene expression following the induction of
PRDM)Y expression in HeLa Tet-On 3G cells. I) The quality of the cDNA was examined by
checking fACT mRNA. II) Clear expression of PRDMY9 was seen in the presence of
doxycycline in both clones (A and B), while in the absence of doxycycline PRDM9 did not
show any expression. A pTRE3G clone is presented as negative control while the testis is
presented to examine the PRDM9 expression. III) The MORCI gene displayed no expression
following induced expression of PRDM9 while MORC2 and MORC3 displayed expression in
induced and uninduced PRDMY cells.1% agarose gel prepared with a pic-green was used to
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Figure 3.10 RT-PCR analyses display PRDM genes expression following the induction
of PRDMY expression in HeLLa Tet-On 3G cells. I) The quality of the cDNA was
examined by checking fACT mRNA. II) Clear expression of PRDM9 was seen in the
presence of doxycycline in both clones (A and B), while in the absence of doxycycline
PRDMY did not show any expression. A pTRE3G clone is presented as negative control
while the testis is presented to examine the PRDM9 expression. III) The PRDM genes
examined in this study displayed expression in both presence and absence of doxycycline.
PRDM?7 expression was identical to the PRDM9 gene. 1% agarose gel prepared with a pic-
green was used to detect the PCR products.
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3.2.10 The impact of overexpression of PRDMY9 on synaptonemal complex
genes

The synaptonemal complex (SC) is a key structure which forms on chromosomes in
meiosis. Some meiosis genes have the ability to encode function, which participates in
the structure of the SC, for example, SYCPI, SYCP3, SYCEI and SYCE?2. It has been
suggested that PRDM9 expression may coordinate different meiosis genes. In this
study, we used RT-PCR with primers related to SC genes (Figure 3.11). The data
indicate that there was no change of the examined SC genes with overexpression of

PRDM?9.

3.2.11 The impact of overexpression of PRDMY9 on other meiosis-specific
genes

Expression of other meiosis-specific genes were examined to detect whether PRDM9
overexpression may be able to influence their expression. In this study, the
HORMADI gene demonstrated expression in clone A, clone B and in the negative
control. HORMAD?2, STRAS and SSX2 displayed expression with PCR products at the
expected size only on the positive control (testis), while no expression was detected in
either cell lines following PRDMY overexpression. RECS and GAGE! showed
expression in Clone B treated with doxycycline and faint expression in pTRE3G was

also detected (Figure 3.12).

Several potential cancer/testis-restricted genes were examined following
overexpression of PRDM9. NUT, ODF4, TDRDI2 and SEPTI2 displayed no
expression either in the presence or absence of doxycycline treatment, while clear
expression was detected in all these groups of genes in the positive control (testis)

(Figure 3.13).
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Figure 3.11 RT-PCR technique displays some synaptonemal complex gene expression
following the induction of PRDMY expression in HeLLa Tet-On 3G cells. 1) The quality of the
cDNA was examined by checking f4CT mRNA. II) Clear expression of PRDM9 was seen in the
presence of doxycycline in both clones (A and B), while in the absence of doxycycline PRDM9
did not show any expression. A pTRE3G clone is presented as negative control while the testis is
presented to examine the PRDM9 expression. III) SYCPI, SYCP3 and SYCEI displayed no
expression following induced expression of PRDM9. SYCE?2 displayed expression in both
induced and uninduced PRDMY9 genes and in the negative control as well. 1% agarose gel
prepared with a pic-green was used to detect the PCR products.

79



24hours doxycycline 48hours doxycycline

% v

Clone A  CloneB  pTRE3G

CloneA  Clone B pTRE3G

1S

Test
HyperLadder (50bp)

HyperLadder (50bp)

vovvody

II | ©55vp) [

HORMADI
(486 bp)

[HORMAD?
(707 bp)

RECS g
IIT | ssbp)

STRAS
(723 bp)

SSX2
(407 bp)

Figure 3.12 RT-PCR technique displays some meiosis /specific gene expression following the
induction of PRDMY9 expression in HeLa Tet-On 3G cells. 1) The quality of the cDNA was
examined by checking f4CT mRNA. II) Clear expression of PRDM9 was seen in the presence of
doxycycline in both clones (A and B), while in the absence of doxycycline PRDM9 did not show
any expression. A pTRE3G clone is presented as negative control while the testis is presented to
examine the PRDM9 expression. III) HORMAD?2, STRAS8 and SSX2 displayed expression only in the
positive control (testis). No expression of these genes appeared either in presence or in non-
presence of doxycycline. RECS and GAGEI showed expression in Clone B treated with
doxycycline, and faint expression in pTRE3G was detected.
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Figure 3.13 RT-PCR technique displays some meiosis-specific gene expression following
the induction of PRDMY expression in HeLa Tet-On 3G cells. I) The quality of the cDNA
was examined by checking fACT mRNA. II) Clear expression of PRDM9 was seen in the
presence of doxycycline in both clones (A and B), while in the absence of doxycycline PRDM9
did not show any expression. A pTRE3G clone is presented as negative control while the testis
is presented to examine the PRDMY9 expression. III) NUT, ODF4, TDRDI2 and SEPTI2
displayed no expression either in presence or in non- presence of doxycycline treatment, while
clear expression was detected in all these examined genes in the positive control (testis).
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3.2.12 Examination of H3K4me3 and H3K36me3 activity of PRDM9

PRDMO histone methyltransferase activity has been reported (Eram et al., 2014;
Powers et al., 2016). Wu and his colleagues found that PRDM9 has the ability to
catalyse H3K4me3 (Wu et al., 2013). This finding is related to the activity of
transcription (Schneider et al., 2004), the beginning of recombination hotspots and

repair of DNA (Wurtele & Verreault, 2006).

In this study, HeLa Tet-On cell were cultured, and expression of PRDM9 was induced
for 24-48 hours in the presence of doxycycline in each culture independently. We then
extracted lysates of cells to examine the levels of H3K4me3 and H3K36me3, as
displayed in Figure 3.14. No difference in the proteins levels appeared relating to
H3K4 and H3K36 associated with the alterations in expression of PRDMY. The data
shown in Figure 3.14 are a distinct attempt using several antibodies and different

Pprocesses.
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Figure 3.14 Immunoblotting displays H3K4me3 and H3K36me3 HeLa Tet-On 3G cells
in overexpression of PRDMY. Individually, clones A, B and pTRE3G were cultured in the
presence of doxycycline for 24 - 48 hours. One culture for each clone has not been induced
and is consider as a negative control to examine induction by doxycycline. I) Immunoblot
displays levels of the H3K4me3. II) Immunoblot displays levels of the H3K36me3. The anti -

H3 antibody was used as a loading control.
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3.2.13 Mutations found in the PRDM9 sequence in established clones

The lack of any apparent increase in histone H3 methylation following PRDM9
induction led us to question the validity of the PRDMY clones. This research
demonstrated that the integrated PRDM?Y sequence used in this study (clones A and B)
carry a pair of point mutations relative to the reported human PRDMY9 sequence.
These mutations involve substitution of a base pair in two codons which altered the
sequence of amino acids. One mutation changed the 2008 base resulting in alteration
of the 670 amino acid i.e. glycine is changed to arginine. The other mutation replaced
the 2042 base of the coding sequence leading to alteration of the 681 amino acid, i.e.

threonine is changed to serine as shown in Figure 3.15.

(SBJCT) AGGGAGTGTGGGCGGGGCTTTAGCTGGCAGTCAGTCCTCCTCACTCACCAG
(QUERY) AGGGAGTGTCGGCGGGGCTTTAGCTGGCAGTCAGTCCTCCTCAGTCACCAG

(SBJCT) RECGRGFSWQSVLLTHQ
(QUERY) RECRRGFSWQSVLLSHQ

Glycine Threonine

Arginine Serine

Figure 3.15 Diagram shows 2 mutations in the PRDMY9 sequence. The template
that was established previously for clone A and clone B has 2 points of mutation.
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3.3 Discussion

3.3.1 PRDMD9 protein analysis and influence of PRDM9 knockdown in
SW480 growth

Aberrant production of members of the PRDM family has been detected in several
kinds of cancers like colorectal cancer, cervical cancer, breast cancer and leukaemia.
Moreover, production of these proteins has been found to be associated with
development of cancer (Hohenauer and Moore, 2012; Mzoughi, et al, 2016). Among
all family members, it is only the PRDM9 which is meiosis-specific although the
PRDM7 paralogue is also meiosis-specific but it is not known to be functional active
and has established role in determining sites of meiotic recombination hotspots
(Myers et al., 2010; Eram et al., 2014). The PRDM9 gene has been reported to be a
CT gene whose abnormal activation is detected in several tumours like melanoma,
ovarian cancer, colon cancer and breast cancer (Feichtinger et al., 2012). In healthy as
well as cancerous cells, PRDM genes play role in regulation of cellular proliferation
(Hohenauer and Moore, 2012; Fog et al., 2012). For instance, PRDM1 which is also
called BLIMPI, is responsible for controlling cellular viability and proliferation by
serving as a transcriptional activator which regulates expression of 7P53 (Yan et al.,
2007). Development of germ cell lineage has been reported to essentially involve the

coexpression of PRDM1 and PRDM 14 (Di Zzzo et al., 2013).

Fumasoni et al., (2007) reported that a primate-specific gene, namely PRDM7 evolved
from duplication of the PRDMY. According to Hayashi et al. (2005), substantial
homology exists between PRDM?7 and PRDMY. Proteins encoded by the PR domains
of these two genes have 97% amino acids in common and overall 41% amino acids
encoded by these genes are same. The distinction lies in the daivergent amino acids
encoded by the PR domain sequence and the number of zinc finger repeats of these
genes. Conversely, PRDMO9 carries 14 zinc finger repeats. The zinc finger sequence of
PRDM?7 demonstrates chief structural rearrangements that include modified gene
splicing as well. It has been established that both PRDM7 and PRDMY belong to the
PRDM family and are expressed only in germ cells.
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Feichtinger et al (2012) have discovered the PRDM9 protein in NTERA-2 cancerous
cells though this protein was not found in healthy tissue for example, prostate tissues.
It implies that PRDM9 can serve as a possible biomarker. In this research, the
PRDM9 was successfully knocked down in HCTI116 and SW480 cell lines,
particularly when PRDM9 siRNA7 was utilized. mRNA level of PRDM9 and the
PRDMO protein level were found to be decreased in these cell lines following three
days treatment of siRNAs. Later, it was checked if the PRDMY protein was needed
for cancer cell proliferation. It involved culturing of SW480 cells followed by
siRNA7 treatment for seven days. In case of this cell line, knockdown of PRDM9
resulted in substantial decrease in the proliferation of cells when growth curves were
analysed which suggest PRDM9 might be required to activate proliferation promoting

oncogencs.

3.3.2 Examine PRDM?Y as transcriptional activator of some genes

It has been established that sites of meiotic recombination hotspots are determined by
PRDMY9 in mammals (Myers et al., 2010; Parvanov et al., 2010). Production of
PRDMO protein occurs during the initial phases of meiotic prophase (Sun et al.,
2015). At this phase, binding between the PRDM9 C2H2 zinc finger (ZF) domain and
particular motifs of DNA occurs. Indeed, the PR/SET domain of the protein causes
trimethylation of the adjacent histone H3 proteins at 4™ lysine (H3K4me3) (Hayashi
et al., 2005) and 36™ lysine (H3K36me3) (Eram et al., 2014). Trimethylation
H3K4me3 has also been reported as an indicator found in promoters of genes which
have been transcribed (Schubeler et al., 2004). In order to initiate DSBs, recruitment
of SPO11, the DSB mediator, occurs at PRDM9-DNA binding site. Single-stranded
DNA is formed when these DSBs are subjected to end resection. This ssSDNA serves
as a substrate for DMC1 which is a meiosis-specific recombinase protein (Baker et al

2015; Altemose et al., 2017).

It was suggested that PRDMO trimethylase activity can be regulated expression of
other genes during meiotic division (Hayashi et al., 2005). In mice, the Prdm9 protein

(Meisetz) has been demonstrated to transcriptionally regulate the expression of
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Morc2b (Rik) gene (Hayashi et al., 2005). This is in contrast to the finding made in
current research that PRDMY9 overexpression was unable to effect the expression of
human orthologues of Rik (Morc2b) including MORC1, MORC2 and MORC3 studied
in the HeLa Tet-On 3G cells. It might therefore be stated that PRDMO is not required

for regulation of expression of MORC gene family in cancerous cells of humans.

It has recently been demonstrated by Altemose et al. (2017) that the PRDM9 protein
in humans binds close to the promoter of certain genes and this binding causes
activation of histone trimethylation resulting in activation of expression of relevant
genes in HEK293T cells (Altemose et al., 2017). Several members of the PRDM
family are capable of modifying the state of chromatin at certain promoters of gene.
In this way they control the gene expression (Hohenauer et al., 2012). An Important
question raised by this research is that whether PRDM9 protein is involved in
regulating expression of other genes relating to meiotic division in tumour cells. This
research involved analysis of expression of a number of genes in order to check if
they are influenced by the PRDM9 protein in HeLa Tet-On 3G. For this purpose, RT-
PCR was performed to evaluate expression of several genes that include the genes of
PRDM family, meiosis-specific genes, CT genes and MORC family genes. Based on
this work results, the RT-PCR analysis increased expression of PRDMY did not affect
the expression of most of the evaluated genes in HeLaTet-on 3G cells. Still the
possibility that only RT-PCR analysis is not enough of checking the role of PRDM9
in transcriptional activation of the gene expression. On the other hand, certain genes
(MAGEAI, GAGE1, PRDM7 and PRDM11) demonstrated considerable upregulation
following over-expression of PRDMY.

MAGEAI has been reported to be a member of the CT gene group (Feichtinger et al.,
2012). During this research, uninduced cultures of clone A and B gave rise to
extremely faint bands. However, when these clones were induced with doxycycline,
upregulation of MAGEA 1 expression was noticed especially in clone B. MAGEA 1 was
showed faint band in pTRE3G clone (negative control). Results were further verified
through qRT-PCR which demonstrated high expression in transcripts of MAGEAI
following overexpression of PRDM9. It can be suggested that MAGEAI expression
affected by the overexpression of PRDMY.
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High intensity band indicated that PRDM?7 was over-expressed in HeLaTet-On cell
line following PRDM9 overexpression. Co-expression of these two PRDM genes in
cancerous cells is also anticipated. Co-expression of PRDM?7 and PRDM9 has been
reported by studies carried out in McFarlane laboratory in (K-562) cells and normal
human testis (Almatrafi, PhD thesis 2014). It has been demonstrated through studies
that certain PRDM genes get co-expressed and/or re-activated with other members of
the PRDM family. Future studies should therefore involve western blotting and qRT-
PCR to confirm co-expression or reactivation of PRDM?7 with expression of PRDMY.
The fact that PRDM7 and MAGEAI genes are activated upon expression of the
PRDM?9 variant used here suggests that this version does have some transcriptional

regulatory activity, which is not activate for other genes such as the MORC family.

During this research, we studied the methyl transferase activity of this PRDM9
variant in HeLa Tet-on 3G cells. We were unable to detect any correlate between
PRDM9 with increase in either in H3K36me3 or in H3K4me3. Although, it has been
reported by Eram et al., (2014) that expression of PRDMY is linked with significant
increases in trimethylation of H3K4 and H3K36 in HEK293T cells. It was found
during this research that the integrated PRDM9 sequence form previous work carried
two-exchange mutation. The template was made from cDNA taken from the sample
collected from testis of adult male. This male was potentially carrying a natural
PRDM?9 variant, the relative activity of this variant is unknown although the data
reported here suggest some activity. It is unknown whether this individual was
reproductively competent. It could be that this individual was infertile and the
PRDMY used here does not reflect the activity of oncogenic PRDMY, as the sequence

obtained from tumour cells does not carry these mutations.
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Chapter 4

Cloning of PRDM9::N-Flag and PRDM?9::C-Myc into
Tet-On 3G inducible expression system
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4. Cloning of PRDMY9::N-Flag and PRDMY::C-Myc into Tet-On 3G
inducible expression system

4.1 Introduction

As it described in the previous chapter the integrated PRDM9 sequence was made
from cDNA picked from the sample collected from adult testis male. It appears this
male had a natural PRDMY variant. Also, the findings possibly indicated that PRDM9
might control transcription of certain genes in cancerous cells, even though the
PRDM?9 gene used in that work contained what we assumed was a natural nucleotide
variant. In order to find the role played by the accepted wild-type PRDM9 gene in
cancerous cells, a new wild-type clone is required. Moreover, a specific antibody is
required to monitor levels of the recombinant protein, as it has been suggested that
recombinant proteins can be utilized to investigate roles in cancerous cells (Terpe

2003; Waugh, 2005).

Generation of recombinant proteins has proven to be one of the most important tool
devised in the field of molecular biology (Young et al., 2012). This research makes
use of a recombinant DNA tool for tagging PRDM9. For this purpose, a small peptide
comprising some amino acids is incorporated in the protein as a tag. When an
extremely small peptide fragment is used as a tag, there are very small chances of
alteration in the post-translational modification, transportation and biological function
of the protein being tagged (Bucher et al., 2002; Young et al., 2012). An advantage is
that the presence of the tag can be detected through a specific monoclonal antibody.
Several assays can be conducted for such detection, including western blot. Western
blot has proven to be an efficient technique for investigation of modification and
levels of specific proteins. Several different epitope tags are available for use just like
the Flag and Myc tags utilized in this research. As shown in Table 4.1, 8 amino acids
constitute a Flag tag which can be inserted at the amino end of the protein to be
tagged. Conversely, Myc tag is derived from a C-Myc protein and is made up of 10

amino acids.
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Table 4.1 DNA and protein sequence of Myc and Flag tags.

Tags DNA sequence (5'-3") Protein sequence
Myc GAACAAAAACTCATCTCAGAAGAGGATCTG EQKLISEEDL
Flag GATTACAAGGATGACGACGATAAG DYKDDDDK

The aim of this work is to merge tags into the full sequence of PRDM9. Subsequently
to clone the genes encoding the tagged proteins into pTRE3G plasmid and then
transfected into HCT116 Tet-On 3G cells. Therefore, we will be able to examine the

effectiveness of PRDM9 overexpression in cancer cells gene.
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4.2 Results

4.2.1 Prepare pTRE3G PRDM9Y::N-Flag and PRDM9::C-Myc

Regulation of the activities of mammalian genes can be carried out using the
tetracycline controlled Tet-On expression system (Tetracycline-inducible), which is
based on the constituents responsible for regulating the processes involved in
resistance to tetracycline or its derivatives, like doxycycline (Dox). When cells are
exposed to DOX treatment, the Tet-On 3G transactivator protein attaches to the
tetracycline-responsive element promoters. This results in activation of the target gene
(Loew et al., 2010). As shown in Figure 4.1, the Tet-On 3G system demonstrates
sensitivity towards DOX and is optimized for target gene expression and transfection.
HCT116 Tet-On 3G cells have transfected with pCMV-Tet3G plasmids previously
obtained from the Clonetech kit in our lab. Figure 4.2 shows a map of the pTRE3G

vector as well as restriction sites.

The clone pGEM-3ZF (+)::PRDM9 (called pAMOI; in our lab) was used for
amplification of the complete length of human PRDMY gene (NCBILGene ID 56979),
having a size of 2685 bp, in order to generate an inducible clone for PRDMY.
Sequencing of the PRDMY inserted into the pAMOI clone was conducted and it was
ascertained that the sequence did not contain any mutations before the amplification
process. Consequently, amplification of the complete length of PRDMY was carried
out utilizing various primers and Phusion PCR Master Mix, including Phusion GC
buffer Amplification primers contain a restriction enzyme site and two types of tags
(C-MYC and N-FLAG) (Figure 4.3). Later, bands indicating the presence of PRDM9
were taken out of the gel followed by purification steps and incubation with
restriction enzymes (BamHI and Nhel). This process of digestion was carried out to
ensure proper cloning. Restriction enzymes BamHI and Nhel were used for digestion
of the vector pTRE3G followed by purification of the vector (Figure 4.4). The next
step was ligation of the PRDM9::N-Flag and PRDM9::C-Myc fragments in the
digested, purified vector pTRE3G with a ratio of 1:6. The presence of ligated

plasmids in E.coli was detected using ampicillin antibiotic.
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Tet-On 3G
Transativator
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Promoter
Plus Doxycycline
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Transcription
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Figure 4.1 The (OFF/ON) inducible system can encourage PRDMY expression
when doxycycline is added. The transactivator protein (blue) go through a
conformational modification when doxycycline is used. This will help the protein to
link to the tet-operator (tetO) (green) at the pTRE3G promoter which perfectly
helps of the expression of PRDM9.
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Figure 4.2 pTRE-3G plasmid map. PTRE3G vestor is 3431 bp Inducible
Expression Plasmid System created for utilized with the Tet-On 3G system.
pTRE3G consists of SV40V ploy A signal. Tet-responsive promoter (TRE-3G), Puc
origin of replication, ampicillin resistance gene and different cloning site. Two

restriction enzyme (BamHI and Nhel) were utilized. http://www.snapgene.com was
utilized to adapt this figure.
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PRDMY::C-Myc

PRDM9::N-Flag
5 HyperLeader (1000bp)

T PRDM9

/
2000 bp (2685 bp)
1000 bp

Figure 4.3 PCR amplification of PRDMY9 gene. RT-PCR was utilized to amplify
the full open reading frame of PRDMY. 1% agarose gel prepared with a pic-green
dye was used to detect the PCR products. Left gel displays the predict size of
PRDM?9 fragment at 2685bp with N-Flag. Right gel displays PRDM9 fragment with
C-Myc on expected size. HyperLadder 1 Kb has been utilized as a marker.
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Figure 4.4 Cutting of pTRE3G plasmid. Lane 1 displays 1 Kb HyperLadder
which utilized as a marker. Lane 2 displays an uncut pTRE3G as a negative control.
Lane 3 shows restriction enzyme (BamHI and Nhel) cut pTRE3G then purified. 1%
agarose gel prepared with pic green was utilized to detect the PCR products.

96



4.2.2 PCR Screening of colonies of PRDM9::N-Flag and PRDM?9::C-Myc
following transformation to E. coli.

We investigated whether the right colonies had been chosen after the transformation
process by examining E. coli colonies. PCR took place to confirm that the successful
insertion of PRDMY9 was carried on recombinant plasmids. A total of 12 plasmids
containing PRDMY.:N-Flag fragments and 11 plasmids containing PRDM9::C-Myc
were selected from the E. coli (Figure 4.5).

Ten colonies with positive PCR results for PRDM9::N-Flag were selected for
additional processes of confirmation, excluding colony 4, while for the PRDMY::C-

Myc fragments, four colonies (13, 14, 15, 17) were selected for further confirmation.

4.2.3 Confirming the successfully cloned inserts utilizing BamHI and
Nhel restriction enzymes

Validation of the insertion of PRDMY.:N-Flag and PRDMY::C-Myc took place using
two restriction enzymes. A digestion process of pTRE3G::PRDM9::N-Flag proved
that colonies 2, 3, 6, 7, 8 and 9 were correct clones of the plasmids and had the
desired fragment. Figure 4.6 shows two bands; the lower band is related to the
insertion at 2685 bp while the upper band is related to the vector at 3431 bp. Colonies
1 and 10 showed lower bands of unexpected size and colony 5 showed only one band

that was related to the vector.

Colonies 2 and 3 were subjected to a DNA sequencing to confirm that the fragments
were subcloned successfully in the correct orientation and the insert had no mutations.
The DNA sequencing data verified that the PRDM9 sequence was 100% identical to

the NCBI data and free from mutations.

A digestion restriction process of pTRE3G::PRDMO9::C-Myc showed that colonies 13
14, 15 and17 displayed two bands with the upper band at 3431 bp, which is related to
the vector,and the lower band being an unexpected size, which indicated unsuccessful
cloning of pTRE3G::PRDM?9::C-Myc, so we excluded the pTRE3G::PRDM9::C-Myc
tag from further study.
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Figure 4.5 PCR profile analysis showing screening colonies after
transformation stages. 1% agarose gel picture displays PCR screening data of
E.coli colonies to find the recombinant plasmid via utilizing the PRDM9 internal
primers. 1) Candidate colonies confirming the insert of (pTRE3G::PRDM9::N-
Flag) and colonies number 1,2,3,5,6,7,8,9,10 have been detected for further study.
IT) Candidate colonies confirming the insert of (pTRE3G::PRDM9::C-Myc) and
colonies number 13,14,15,17 have been detected for further study.
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Figure 4.6 Cutting of recombinant plasmid with two restriction enzyme (BamHI
and Nhel). 1) Candidate colonies of (pTRE3G::PRDM?Y::N-Flag) colonies number (1
and 10) illustrating two bands and the fragments appeared in not predicted size of
PRDMY. Colony number 5 shows only one band at 3431 bp. Colonies (2,3,4,6,7,8,9)
were shown two bands the lower band at 2685 bp that is predicted size for PRDM9
while the upper band at 3431 bp relates to pTRE3G vector. II) Candidate colonies of
(pTRE3G:: PRDM9::C-Myc) colony (15) illustrating two bands and the fragments
appeared in not predicted size of PRDM9 as lower band appeared at approximately
2000 bp while the upper band at 3431 bp relate to pTRE3G vector. Colonies (13, 14,
17) illustrating two bands and the fragments appeared in not predicted size of
PRDMO.
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4.2.4 Generation of double-stable HCT116 Tet-on 3G cells

In this research, one of our goals was the production of a double — stable HCT116
Tet-On 3G cell line that would be able to induce PRDM9 via controlling the pTRE3G
promoter. Generation of this system for inducing overexpression of PRDMY in cancer
cells is important to investigate PRDM9 transcription activity. There are two
important stages when creating a double-stable cell line to overexpress a target gene.
In the first stage, cells should transfect a pCMV-Tet3G plasmid to allow expression of
the transactivator protein via the G418 antibiotic. Previously in McFarlane lab,
HCT116 cells transfected with pCMV-Tet3G plasmids have been made by Maryam
Alahdal (Maryam Alahdal, phD thesis, 2017). The second stage involves generation
of the double—stable cell line by co-transfecting HCT116 Tet-On 3G cells with
established pTRE3G::PRDMY9::N-Flag plasmids with a linear selection marker for
puromycin. In the final step, double-stable transfected cells were chosen based on

resistance to G418 and puromycin antibiotic (Figure 4.7).

4.2.5 Chosen of double-stable HCT116 Tet-On 3G cells

Various concentrations of puromycin were utilized to detect the lowest dose that was
able to kill HCT116 Tet-On 3G cells before transfection. The HCT116 Tet-On 3G
cells have been grown in media without any puromycin for 2 days. After that, the
cells have been exposed to 0-10 pg/ml of puromycin for 5 days, as shown in Figure
4.8. The lowest puromycin concentration that suppressed the growth of HCT116 Tet-
On 3G cells was 4 pg/ml. The HCT116 Tet-On 3G cell line has been cotransfected
with pTRE3G::PRDM9::N-Flag or pTRE3G in addition to the puromycin linear
selection marker. Cells were grown for 3 days in media without antibiotic, then 100
pg/ml of G418 and 4 pg/ml of puromycin have been added to the cultures. Following
4 days of antibiotic treatment, most cells did not survive, which may suggest a
productive and efficient transfection process. After 2 weeks of utilizing 4 pg/ml of
puromycin antibiotic, healthy and large colonies were transfected to grow individually
in a 6-well plate (Figure 4.9), then transferred to 10 cm plates, then to T75 flasks. The
harvested colonies were investigated to examine the overexpression of PRDM9Y in the
presence or absence of 1 pg/ml doxycycline. The examined cells were cultured in
high-quality Tet-system-approved foetal bovine serum because it contains no

tetracycline.
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Figure 4.7 Diagram displaying the establishment double Tet-On 3G cells. The
tetracycline-promoter controls the transactivator protein in HCT1116 Tet-On 3G
cells. The establishment pTRE3G plasmids involving (PRDM9::N-Flag) have been
transfected with a puromycin linear marker. Doxycycline (1 pL/ml) was utilized to
examine overexpression of PRDMY.
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No puromycin 0.5 pg/ml of puromycin 1 pg/ml of puromycin

4 pg/ml of puromycin 8 pg/ml of puromycin 10 pg/ml of puromycin

Figure 4.8 HCT116 Tet-On 3G cells have been exposed to several dosages of
puromycin antibiotic. Untrasfected HCT116 Tet-On 3G cells were cultured for 2 days
prior to using the various concentration of puromycin to detect the minimum amount that
could stop growth of cells. The different doses (0—10 png/ml) were utilized in each culture
for 4-6 days. Untreated cells were utilized to contrast the effectiveness of puromycin on
treated cells. A concentration of 4 pg/ml was enough to stop growth of HCT11 Tet-On 3 G
cells.

N-flag PRDM?9 tag pTRE3G only

Figure 4.9 Samples of colonies of HCT116 cells resistant to puromycin. Picture
displays healthy single colonies after 5 days of treatment with 4 pg/ml of puromycin.
Cells were merged with PRDM9::N-Flag or pTRE3G alone.
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4.2.6 Investigation of the overexpression level of PRDMY9 into HCT116
Tet-On 3G cells

Healthy colonies with possible tags have been investigated to validate the induction of
PRDM9 into HCT116 Tet-On 3G cells. Separately, each clone was cultured in the
presence of 1 pg/ml doxycycline for 24 hours to examine the induction of PRDMY in
transfected cells with pTRE3G::PRDMY::N-Flag. The same number of cells were

cultured in absence of doxycycline.

RT-PCR was used with 12 positive colonies appeared following the transfection of
the recombinant vector pTRE3G::PRDMY9::N-Flag to examine the induction of
PRDM9 in HCT116 Tet-On 3G cells after adding 1 pg/ml doxycycline treatment for
24 hours. PACT expression was used to test the quality of the synthesised cDNA
(Figure 4.10.I) the data showed that clones (13/22) and (13/28) displayed high
PRDMY expression while other examined clones did not show any expression. A
colony that had pTRE3G (the vector) was considered a control (Figure 4.10.1I) after
storage the tow colonies (13/22 and 13/28) that shows successful integral of the
recombinant plasmid, these colonies were re-investigated again for more affirmation.
Each clone was cultured individually in the presence of 1 pg/ml doxycycline for 24
hours beside the cells cultured with no doxycycline treatment. Cells were harvested
and the total RNA was isolated to synthesis cDNA to examine PRDMY expression.
PACT expression was used to test the quality of the synthesised cDNA. cDNA from
testis was utilized as a positive control for this experiment to examine the expression
of PRDM9. The data confirmed high expression of PRDM9 in examined colonies in

presence of doxycycline when relevant to absence of doxycycline Figure (4.11).

qRT -PCR was carried out for further analysis to measure the expression of PRDM9
in clones 13/22 and 13/28 following addition of doxycycline. qRT -PCR analysis
illustrated an observed expression of PRDM9 in both colonies after treatment of the
cells with 1pg/ml doxycycline, while there was no expression of PRDM9 in the
untreated cultures. The PRDMY results were controlled to the qRT-PCR data of two
reference genes GAPDH and fACT. qRT-PCR corresponded to the conventional RT-
PCR data, and it showed significant induction of PRDM9 after 24 hours of culture
treatment; however, no expression of PRDM9 was detected in the absence of

doxycycline (Figure 4.12).
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HCT116 Tet-On 3G

cell line following transfection. I) The quality of cDNA was examined by checking fACT
mRNA. II) Various colonies were chosen to examine the induction of PRDM9 after using

doxycycline. Expression of PRDM9 in the presence of doxycycline were detected in two

colonies (13/22 and 13/28).

ion in

Figure 4.10 RT-PCR analysis displays PRDM9 gene express
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Figure 4.11 Analysis of proven expression of PRDMY in 2 independent clones
(13/22 and 13/28) in HCT116 Tet-On3G cells. 1) The quality of the cDNA
was examined by checking JACT mRNA. RT-PCR data illustrates the expression of
PRDMO after addition of doxycycline treatments. The testis is presented as a positive
control for PRDM9 expression.
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PRDM9

Testis

Clone 13/22 (+Dox.)
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Figure 4.12 qRT-PCR analysis showing the mRNA levels of PRDM9 in two
independent clones (13/22 and 13/28) in HCT116 Tet-On 3G cells. Clear
expression of PRDM9 was detected following doxycycline induction in both clones
(13/22 as well as 13/28), while in the absence of doxycycline slight expression of
PRDM9 was detected. The testis is presented as a positive control for PRDM9
expression. The PRDM9 data were relative to the qRT -PCR data of 2 references
genes, GAPDH and BACT. P values presented significant changes in presence of
doxycycline in clones (13/22 and 13/28), relative to the presence of doxycycline in
(pTRE3G) (**** P value < 0.0001).
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4.2.7 Investigation of PRDM0 protein in HCT116 Tet-On 3G cells

RT-PCR data showed that clones 13/22 and 13/28 displayed high PRDMY expression
while other clones did not show any expression. Individual colonies 13/22 and 13/28
that had tags of potential interest were examined for the presence of N-flag when 1
pg/ml of doxycycline was utilized. In this study, commercial anti-flag antibodies (Cell
Signalling antibody #8146 and Sigma #F1408) were utilized. Separately, each clone
(13/22 and 13/28) was cultured in high-quality Tet-system foetal bovine serum
medium that contained no tetracycline. Then 1 pg/ml was added to some cultures
while other cultures were grown without any doxycycline. The cells grown in the
absence of doxycycline were utilized as a control to examine the effects of
doxycycline treatment. The cells were harvested, then lysate from each individual

clone was extracted.

A western blot test was carried out to detect the N-Flag tag that was integrated with
PRDM9 and the extracted lysates were checked against two different types of
commercial anti-Flag antibodies. The PSNF5 cell line was transfected with an
established clone of the BLM gene incorporated with a tagged sequence and utilized
as a control to examine an anti-FLAG antibody. BLM::Flag appeared at an
unexpected size of 160 kDa. The data from the western blot analysis displayed no
induction signal of PRDM9::N-Flag at 104 kDa (Figure 4.13). This could be related to
the fact that the N-Flag protein was not co-produced correctly with PRDM9. On the
other hand, lysates of negative controls displayed signals of flag proteins that were not
specified. BLM::Flag (positive control) showed a signal at an unexpected size of 160
kDa. This could be because the antibodies are not working effectively or these

antibodies are nonspecific.
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Figure 4.13 Western blot showing the N-Flag tag in two independent clones (13/22
and13/28) in HCT116 Tet-On 3G cells. Clones 13/22, 13/28 and pTRE3G that have
the PRDM9::N-Flag have been treated with doxycycline for 24 hours. I) Lysates have
been probed against anti-flag antibodies from a cell signalling company. II) Lysates
have been probed against anti-flag antibodies from sigma company. No induction of
PRDMSY at the expected size of 104kDa appeared. Indeed, the PSNF5 cell line with the
BLM::FLAG showed a signal at nearly 100 kDa while the expected size for the
BLM::FLAG is nearly 160 kDa.
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4.3 Discussion

It has been established that PRDM?9 is a meiosis-specific gene. Its expression occurs
in the initial phases of prophase I of meiosis (Baudat et al., 2010; Sun et al., 2015). In
order to specify the sites of recombination or hotspots, the PRDM9 binds to DNA
sequence (Baudat et al., 2010; Bilings et al., 2013; Baker et al., 2014). This binding to
hotspot recruits other proteins, like SPOI11, thereby allowing the process of
recombination to initiate. It has recently been demonstrated that binding of PRDM9 to
promoter sequences and adjacent transcription start sites (TSS) results in activation of
some genes. It implies that PRDM9 can be involved in regulation of transcription
(Altemose et al., 2017). It was proposed that PRDM9 might serve as a transcriptional
activator in humans. Activation of two meiosis-specific genes namely CTCFL and

V'CX by PRDMO has also been demonstrated (Altemose et al., 2017).

In addition to this, we aimed to throw more light on roles played by PRDMY. For this
purpose, open-reading frame of PRDM9 was merge with tags then transferred to the
HCT116 Tet-On 3G system. This was done to investigate the influence of PRDM9
protein on gene regulation in cancer cells and for validating the antibody raised
against PRDM9. Hence, the amino terminus (N-terminal) of the PRDM9 sequence
was tagged with the Flag tag. These tags are made up of small sequences which in

most of the cases do not affect the function of the protein.

In case of eukaryotes, the Tet-On 3G system has proven to be one of the most
efficient systems for inducible gene expression. It allows expression of the gene of
interest (GOI) to be controlled whether the DOX treatment is absent or present
(Urlinger et al., 2000). Two clones of the double-stable HCT116 Tet-On 3G cells
were generated in this research which carried a recombinant plasmid of
pTRE3G::PRDM9Y::N-Flag. DNA sequencing was carried out to examine the PRDM9
sequence and it was found that the inserted sequence has no mutations and was
oriented correctly. RT-PCR and qRT-PCR assays were conducted to analyse the
expression of integrated PRDM9 into HCT116 Tet-On 3G cells. mRNA PRDM9
levels were found to be increased after doxycycline induction. However, the non-

induced HCT116 Tet-On 3G cell line showed slight expression of PRDMY.
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The recombinant DNA technology allows insertion of small sequenced tags for
detection of proteins with the help of antibodies against the tags. Two anti-FLAG
antibodies (Sigma- F1408 and Cell Signaling-8146) were utilized in western blot
analysis through this study. The PRDM9 protein signals were not overexpressed in
presence of doxycycline this can be due to that the Tet On 3G system not act
competently in translation level. Considering the protein signals of positive control
which appeared in unexpected size, it can also be stated that the quality of anti-FLAG

antibodies was not good enough to generate accurate results.
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Chapter 5

Biological roles of TEX19 in human cancer cells
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5. Biological roles of TEX19 in several human cancer cells

5.1 Introduction

The binding of PRDMY to promoters of certain genes results in activation of histone
trimethylation resulting in activation of expression of the relevant genes in HEK293T
cells (Altemose et al., 2017). It may indicate that one meiotic regulator gene can
affect transcriptional landscape in human (Altemose et al., 2017). This suggest
meiotic regulators might control chromatin dynamics in cancer cells. TEX79 is a
mammalian-specific gene with expression restricted to the testis in healthy human
adults, but is also expressed in cancer cells, so it is classified as a CTA gene
(Feichtinger et al., 2012; Planells-Palop et al., 2017). Ongoing work in the McFarlane
group had suggested TEX19 is required for cancer cells proliferation and might

regulate gene expression (Planells-Palop et al., 2017).

In rodents, the TEX19 orthologue has undergone a duplication to generate Tex/9.1
and Tex19.2, i.e. two gene paralogues (Kuntz et al., 2008). Tex/9.1 is expressed in
adult testis, placenta and in the early embryo. Expression of Tex/9.2 has been found
in adult testis and in the gonadal ridge. Tex/9.1 is likely involved in meiotic cell
division, as Tex/9.1 deletion resulted in the disruption of meiotic synapses of
chromosomes during spermatogenesis (Yang et al., 2010). It is proposed that Tex79.1
is the murine functional orthoulouge of human TEX/9 as these genes have genomic
positions (Kuntz et al., 2008). The pattern of expression of 7ex/9./ in embryonic stem
cells (ESCs) is also almost the same as the pattern of expression of Oct4 gene. This
implies that Tex/9.1 has a function in regulating stemness, and Tex19.1 protein has
been found to be linked with self-renewal of ESCs in mice (Kuntz et al., 2008;
Tarabay et al., 2013). Human TEX19 protein is found to be crucial for cancer cell
self-renewal as well as proliferation of cancerous cells. Accordingly, oncogenesis and

human TEX19 have been suggested to be linked (Planells-Palop et al., 2017).
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Expression of TEX19 has previously been reported in several different cancerous cells
and tissues and not in healthy and normal tissues with the exception of placenta and
germ cells of adult testes. It implies that TEX79 may serve as an oncogenic factor
(Feichtinger et al., 2012). After this, it was reported that knockdown of TEX79 in
cancerous cells not only results in inhibition of proliferation, as well as a delay in
progression of S-phase. But also causes transcriptional changes. It was proposed that
TEX19 may serve as a transcriptional regulator for several genes which are involved
in promoting proliferation of cancerous cells. RNA collected from TEX79 depleted
cells and untreated cells were carried out for RNA sequencing analysis. Comparison
of the results for the two groups indicated considerable changes in extent of
transcription of 80 genes including potential oncogenes (Planells-Palop et al., 2017).
Certain genes are involved in controlling growth and proliferation of cells. These
genes are in turn regulated through chromatin modification of different forms (Cai et
al., 2011). The transcriptional activation or inactivation generally involves the
regulator function performed by specific post-translational modifications of histones

within chromatin (Venkatesh et al., 2015).

Here, the influence of depletion of human TEX79 on proliferation of cancerous cells
has been investigated. Moreover, we wished to further validate the anti-TEX19
antibodies. This research therefore aims to validate the findings and further extend the

investigation with the help of distinct cancer cell lines.
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5.2 Results

5.2.1 Knockdown of TEX19 in several cancer cells

It was found that TEX19 is involved to control cancer cell proliferation (Planells-
Palop et al., 2017). In this study we wanted to confirm the biological roles of TEX19
depletion in some cancer cells including SW480, H460, HCT116 and an HCT116 cell
line derivative overexpressing N-HA:: TEX19,which had not previously been tested

(This cell line was constructed previously in our lab).

5.2.1.1 Depletion of TEX19 in SW480 cancer cell line

TEX19 mRNA knockdown was performed in a SW480 cell line utilising small
interfering RNA. siRNA number 7 was utilized to deplete the TEX/9 in all
experiment because its ability to effects on protein coding region specifically in the
exon number 2 of the TEX19 sequence. Previously siRNA 7 has been demonstrated to
provide the optimum TEX19 depletion. siRNA 7 was transferred into cultures for 3
days. Untreated cells and non-interfering RNA were utilized as control for this
experiment. RNA was extracted individually from each culture and cDNA were
synthesised. RT-PCR analysis and qRT - PCR was used to detect the mRNA of
TEX19 and measure efficiency of depletion. The data in Figure 5.1 show that the cells
cultured with siRNA7 have depletion in TEX79 mRNA levels relative to the non-
interfering RNA control.

Western blotting was utilized to assess alterations of TEX19 protein following the
treatment of siRNA. siRNA was utilized for 3 days then cells were harvested and
protein extracted. Newly purchased anti TEX19 antibody (R&D system; # AF6319)
was used to identify TEX19 protein level. Untreated cells as well as non-interference
presented an obvious band in nearly 23 kDa using the anti-TEX19 antibody. Notable
depletion of TEX19 protein level occurred when siRNA7 was utilized (Figure 5.2).
Western blot data show band at nearly ~23 kDa while the expected size of human
TEX19 is 18.5 kDa, post-translational alterations of TEX19 could be proposed as a
reason for migration at the higher than expected molecular weight, recombinant
TEX19 purified in Escherichia coli also migrates at ~23 kDa (McFarlane lab),

suggesting this is due to conformational changes.
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Figure 5.1 mRNA levels of TEX19 after siRNA treatment in SW480 cells.

(DThe quality of the cDNA was examined by checking f4CT mRNA. Clear expression
of TEX19 was detected in untreated and non-interference with slight expression in cells
treated with siRNA7. (II) The bar chart displays the mRNA levels of 7TEX79 in SW480.
The TEX19 mRNA data were normalised to the qRT-PCR data of two genes, GAPDH
and fACT. P values presented significant changes when siRNA7 was utilised compared
to the non-interference (** P value < 0.01).
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Figure 5.2 Western blot showing the amount of TEX19 protein following
siRNA treatment in SW480 cells. siRNA number 7 was used to deplete TEX19
in SW480 cell line. Depleted was observed in cultures treated with siRNA7 at the
size (roughly 23 kDa) compared to the positive control of untreated cells and
non-interference RNA. GAPDH was carried out in this study as a loading
control.
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5.2.1.2 Depletion of TEX19 in H460 cancer cell line

siRNA number 7 was used to deplete the TEX19 gene transcripts in lung cancer cell
line H460. This cell line was cultured for 3 days with daily treating with siRNA7.
Untreated cells and (non-interfering RNA) were utilized as control to detect TEX19
knockdown. After the treatment, total RNA was extracted and cDNAs was
synthesised. RT-PCR and qRT - PCR was used to detect the mRNA of TEX79 and
measure efficiency of depletion. The data in (Figure 5.3) shows that the cells cultured
with siRNA7 presented significant depletion in 7EX/9 mRNA level relative to the
non-interfering RNA control (*** P value < 0.001).

The alterations of TEX19 protein following the treatment of siRNA7 was also
examined using western blotting. Protein was extracted from all the samples after the
treatment. Data showed significant depletion of TEX19 protein level when siRNA 7
was utilized (Figure 5.4). GAPDH was carried out in this experiment as a positive

loading control.

5.2.1.3 Depletion of TEX19 in HCT116 cancer cell line

HCT116 cells were cultured and treated with siRNA 7 for 72 hours beside two
different controls (the non-interference and untreated cells). The cells were then
harvested and total RNA was extracted from each sample. RT-qPCR was carried out
to detect TEX19 mRNA levels after the treatment. The data showed that considerable
knockdown of TEX19 mRNA levels relative to the controls (Figure 5.5).

Western blot was also utilized to examine the TEX19 knockdown. Anti-TEX19
(R&D, #AF6319) was utilized and TEX19 migrated with a size of approximately
23kDa. Western blotting data showed dual bands, but the specificity of antibody has
been confirmed via knockdown of siRNA 7. Cells treated with siRNA7 showed
considerable reduce in the level of protein when relative to untreated cells as well as
non-interference cells. Loading levels of the protein was validated via utilizing

GAPDH antibody and the signal showed at the expected size of 37 KDa (Figure 5.6).
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Figure 5.3 mRNA levels of TEX19 after siRNA treatment in H460 cells.

(DThe quality of the cDNA was examined by checking fACT mRNA. Faint band of
TEX19 expression was observed when TEX19 primers were utilized. (II) The bar chart
displays the mRNA levels of TEX79 in H460. The TEX19 mRNA data were normalised
to the QRT-PCR data of two genes, GAPDH and BACT. P values presented significant
changes when siRNA7 was utilised compared to the non-interference (*** P value <

0.001).

118



on-Interference

TEX19 siRNA7

=
b
+
<
<]
2
-

Anti-TEX19 antibody
(~ 23 kDa)

Anti-GAPDH antibody
(~ 37 kDa)

Figure 5.4 Western blot analysis of TEX19 protein following siRNA
treatment in the H460 cells. siRNA number 7 was used to deplete TEX19 in
H460 cell line. Depleted was observed in culture treated with siRNA7 compared
to the controls untreated cells and non-interference. TEX19 migrates at
approximately 23kDa. GAPDH was carried out in this study as a positive loading
control.
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Figure 5.5 mRNA levels of TEX19 after siRNA treatment in HCT116 cells.

(DThe quality of the cDNA was examined by checking f4CT mRNA. Clear expression
of TEX19 was detected in expected size at 345 bp. (II) The bar chart displays the
mRNA levels of TEX79 in HCT116. The TEX/9 mRNA data were normalised to the
qRT-PCR data of two genes, GAPDH and PACT. P values presented significant
changes when siRNA7 was utilised compared to the non-interference (** P value <
0.01).
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Figure 5.6 Western blot analysis of TEX19 protein following siRNA
treatment in the HCT116 cells. siRNA number 7 was used to deplete TEX19 in
HCT116 cell line. Depleted was observed in culture treated with siRNA7
compared to the controls untreated cells and non-interference. TEX19 migrates at
approximately 23kDa. GAPDH was carried out in this study as a positive loading
control.
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5.2.1.4 Depletion of TEX19 in TEX79- HA HCT116 cancer cell line

In the McFarlane lab a constructed in which the amino terminus of 7EX19 was tagged
with HA and cloned into a pCMV expression system. After that, it was transfected
into the HCT116 cell line (TEX19-HA overexpression HCT116) (M. Hakami and E.
Vernon/unpublished data). Here, the knockdown of TEX19 HA::TEX19 was done by
utilizing siRNA7 and compare the result with non-interfering RNA. After 72 hours of
treatment, the knockdown of TEX79 was evaluated at transcription and translation
levels. RT-PCR data of TEX19 gene expression showed that bright bands for TEX79
in all samples (Figure 5.7.). qRT - PCR was utilized to detect the mRNA of TEX79
and measure efficiency of knockdown. The data in Figure 5.7.I11 show that the cells
cultured with siRNA7 have a clear reduction in TEX79 mRNA levels comparing with

non-interfering RNA control.

The TEX19 protein depletion levels was examined by utilizing western blotting. The
data shows two bands when the protein were utilized with anti-TEX19 antibody.

The strong signals appeared in upper band at nearly 25kDa with untreated and non-
interfering RNA controls. Cells treated with siRNA7 showed reduced signal compare
to the controls. Also, data showed lower band at nearly 23kDa with remarkable
depletion of TEX19 protein after utilizing siRNA7 while strong signal appeared in
both controls. This data indicate that the reduction signal is associated with TEX19
endogenous protein. Anti-HA tag antibody (Cell Signalling; #2367) was utilized with
these lysates and data displayed one band at nearly ~25 kDa with significant
inhibition of TEX19 when siRNA7 was utilized (Figure5.8).
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Figure 5.7 mRNA levels of TEXI19 after siRNA treatment in HA::TEXI19 -
HCT116. (I)The quality of the cDNA was examined by checking f4ACT mRNA.Faint
band of TEX19 expression was observed when TEX19 primers were utilized. (II) The
bar chart displays the mRNA levels of TEX79 in SW480. The TEX19 mRNA data were
normalised to the qRT-PCR data of two genes, GAPDH and fACT. P values presented
change when siRNA7 was utilised compared to the non-interference (* P value < 0.05).
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Figure 5.8 Western of TEX19 protein following siRNA treatment in the HA::
TEX19- HCT116 cells. siRNA number 7 was used to deplete TEX19 HA::TEX19-
HCT116 cell line. Lysates were blotted against anti-TEX19 antibody and depleted
was detected in cultures treated with siRNA7 at the size roughly 23 kDa which is
related to endogenous version of TEX19. Also, depleted was detected in cultures
treated with siRNA7 at roughly 25 kDa which might relate to tagged version. The
same lysates were also utilized with monoclonal anti-HA antibody and data
displayed that significant knockdown of TEX19 in cultures treated with siRNA7.
GAPDH was carried out in this study as a positive loading control.
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5.2.2 Impact of TEX19 knockdown on cancer cell proliferation

The influential knockdown of TEX19 was utilized to examine/confirm whether
TEX19 is important for cancerous cellular proliferation. Two cell lines were utilized
in this experiment SW480 and HCT116 cells. siRNA 7 was utilized for 7 days beside
untreated cells and non-interference (as negative control) to examine the impact of
TEX19 depletion. In HCT116 cells, the cells treated with siRNA 7 displayed
considerably decrease of cell numbers from the third day (* P < 0.05) relative to
untreated cells and non-interference cultures. It was noticed from fourth to seventh
days that the depletion of TEX19 corresponded to a clear reduction of proliferation
(** P <0.01 and *** P <0.001) (Figure 5.9). In SW480 cells, it was noticed that the
depletion of TEX19 also causes of noticeable reduction in cells proliferation from

third until sixth day (Figure5.11).

Beside counting cells to detect the cell proliferation in SW480 and HCT116, the cells
were harvested and RNA was extracted. qRT-PCR technique was carried out to
examine the level of TEX79 mRNA depletion in siRNA7 cultures at different days, as
illustrated in Figure 5.10 and 5.12. siRNA treats caused a decrease in proliferation in

compression of untreated cells and non-interference.
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Figure 5.9 Cell proliferation analysis of SW480 cells constructed utilising TEX19
siRNA7 for 6 days. I) The plot displays cell counts of treatment for 6 days. Significant
proliferation inhibition was detected from the second day comparing untreated cells as
well as non-interference siRNA which was utilized as negative control to examine the
treatment. P values (*P < 0.05, **P<0.01 ,***P <0.001 and ****P < (0.0001).
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Figure 5.10 mRNA levels of TEXI9 after siRNA treatment in SW480 cells through the
cellular proliferation analysis. The bar chart displays the mRNA levels of 7EX/9 in SW480 for
different days. The data displayed notable depletion of mRNA levels of 7EX79 in culture treated
with siRNA7 in all examined days. The TEX79 mRNA data were normalised to the qRT-PCR data
of two genes, GAPDH and SACT. P values presented change when siRNA7 was utilised compared
to the non-interference P values (***P <0.001 and ****P < (.0001).
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Figure 5.11 Cell proliferation analysis of HCT116 cells constructed utilising
TEX19 siRNAT7 for 7 days. I) The plot displays cell counts of treatment for 7 days.
Notable proliferation inhibition was detected comparing untreated cells as well as non-
interference siRNA which was utilized as negative control to examine the treatment. P
values (*P < 0.05 and ***P <0.001).
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Figure 5.12 mRNA levels of TEX19 after siRNA treatment in HCT116 cells through the
cellular proliferation analysis. The bar chart displays the mRNA levels of 7EX79 in HCT116 for
different days. The data displayed notable depletion of mRNA levels of TEX/79 in culture treated
with siRNA7 in all examined days. The TEX79 mRNA data were normalised to the qRT-PCR data
of two genes, GAPDH and fACT. P values presented change when siRNA7 was utilised compared
to the non-interference P values (**P <0.01 and ****P < 0.0001).
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5.3 Discussion

Expression of human TEX/9 has been detected in several different cancers and in
adult male testes and stem cells in humans (Feichtinger et al., 2012; Planells-Palop et
al., 2017). Based on this expression profile, it has been proposed that TEX19 might be
involved in driving oncogenesis. Planells-Palop et al. (2017) demonstrated that
depletion of TEX19 in cancer cell lines reduces cancer cell proliferation and self-
renewal. RNA sequencing was utilised on total RNA taken from SW480 cells treated
with TEX19 siRNA and untreated cells. It was indicated that at least of different gene
transcripts were considerably altered (up-/down regulated) following treatment the
cells of TEX19 siRNA. Amongst the 80 affected genes, RAD2IL1 and SEPTI2 are
recognised as CT genes suggesting TEX19 regulates at least some meiotic genes
(Feichtinger et al., 2012). Additional analysis revealed that transcript levels of several
genes linked to cancer cell proliferation were altered when TEX19 was depleted,
suggesting an important role for TEX79 in regulating oncogenic proliferation via a

transcriptional regulation pathway (Planells-Palop et al., 2017).

Apoptosis of spermatogonia cells in mice is caused by a deletion of 7ex/9.1, an
orthologue of human TEX/9 (Tarabay et al., 2013). Planells-Palop et al. (2017)
reported a build-up of cells which were in the S-phase when TEX19-depleted human
cancerous cells were analysed. Knockdown of TEX19 by using siRNA produce a few
aberrant mitotic events suggesting the involvement of TEX19 in chromosome
regulation. A role for mouse Tex19.1 in regulation of cohesion has been detected in
oocytes of postnatal mice. Disturbance in sustenance of chiasmata has been observed
in Tex19.1 oocytes. Researchers have reconstituted various stages of this pathway in
mitosis in order to show that Tex19.1 is capable of regulating an acetylated subset of
SMC3 cohesin subunit by inhibiting the activity of E3 ubiquitin ligase UBR2, since
UBR2 causes negative regulation of acetylated SMC3 (Reichmann et al., 2017). In
oocytes, acetylated SMC3 has been shown to be linked with meiotic chromosome. It
can be proposed that TEX19 has significant contribution in the regulation of
acetylated SMC3 and cohesion of sister chromatids. However, considering the fact
that human TEX19 is capable of affecting acetylated SMC3 (Reichmann et al., 2017),
it can be suggested that TEX19 may take part in regulation of SMC3 acetylation in

cancerous cells and for that reason, mitotic errors occur after loss of TEX19, and that
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it is this feature which is linked to proliferative control. Interestingly, cohesion also
controls transcription. So, this tow might feed into the altered transcriptional

landscape observed following TEX19 depletion.

The data here demonstrate that the depletion of TEX19 in SW480, H460, HCT116
and N-HA::TEX19 HCT116 appeared to significantly reduce 7EX/9 mRNA and
TEX19 protein. This emphasized the importance of utilizing TEX19 siRNA. The
knockdown of TEX19 was affirmed via utilizing western blot analysis, which showed
a single or double band. TEX19 is predicted to be nearly 18.5 KDa, but the antibody
presented a signal at nearly 23 kDa. Post-translational alterations of TEX19 could be
proposed as a reason for this related migration. The cause of the presence of a second
band is not clear, and the results were not associated with the cancer cell types,
passage number the confluence of the cells. However, when TEX19 was depleted in
N-HA::TEX19 HCT116 cells, the protein signals showed two bands; the lower one is
at ~23 KDa, which we think is related to the endogenous version, while the upper

band at ~25 KDa is related to the tagged version.

This research has also found that the depletion of TEX19 is associated with the
inhibition of the proliferation of cancer cells. Proliferation was delayed or completely
inhibited when SW480 and HCT116 cells were treated with anti-TEX19 siRNA7.
These data seem to validate the fact that the proliferation of cancer cells essentially
requires TEX19, and it leaves open the question about the relation between TEX19
and cancer cell proliferation. Planells-Palop and co-workers (2017) proposed that the
function of TEX19 in encouraging cancer cell proliferation could be related to the
transcriptional regulation of particular genes essential for cell proliferation or cell
cycles (Planells-Palop et al., 2017). Histone modifications perform regulatory
functions in modifying the activities of transcription (Tessarz & et al., 2014). Histone
acetylation is a type of histone modification which is associated with "active"
chromatin (Kouzarides, 2007; Dawson et al., 2012). Whilst conducting this work, a
co-worker noted that histone H3K9 acetylation appeared to be reduced following
TEX19 depletion. Given this, loss of H3K9 acetylation could cause proliferative

inhibition. This observation will be explored further in the following chapter.
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Chapter 6

The role of TEX19 in the regulation of epigenetic and
LINE-1 programmes
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6. The role of TEX19 in regulation of epigenetic and LINE-
programmes

6.1 Introduction

Histones are the core nucleosome proteins which possess N-terminal tails which
protrude from the core nucleosome. Post-translational modifications, like acetylation
and methylation are responsible for modulating the role played by these proteins
(Bannister et al., 2011). Histone modifications play important roles in various
functions of the cell and also in regulating different cellular processes, for instance,
histone modifications are involved in regulating processes like folding and assembly
of nucleosomes, condensation of chromatin, heterochromatin silencing and gene
transcription (Fuchs et al., 2006; Salmaninejad et al., 2016). Strong links have been
identified between disturbance in histone modifications and the development of many
kinds of cancers, such as cervical cancer (Liu et al., 2019). Promoters and enhancers
of actively transcribed genes have been shown to be dependent on acetylation of
H3K9 (H3K9-Ac) (Wang et al., 2008). When lysine of histones is acetylated, the
positive charge of lysine is neutralized and in this way the chromatin relaxation is
promoted, making DNA more accessible. Histone acetyltransferases (HATs) are
responsible for adding an acetyl group to the lysine residue. Conversely, histone
deacetylases (HDACs) are capable of removing the acetyl group resulting in
deacetylation (Huang et al., 2011). Involvement of histone methylation in regulation
of expression of genes has also been reported (Venkatesh & Workman, 2015).
Histone methylation is linked to repression or activation of transcription, dependent
on which histone residues get methylated (Bannister et al., 2011). Histone
modifications make a significant contribution in epigenetic control of expression of

CTA genes.

Retrotransposons are mobile genetic elements which constitute about 40% of the
genome in mammals (Beck et al., 2011; Sotero-Caio, et al., 2017). These elements
can bring about genetic variation, which is responsible for shaping genomic evolution
as well as development of the living system. However, mobilization of these elements
may result in mutation linked with several different cancers and genetic disorders

(Beck et al., 2011; Burns, 2017). There are two main groups of retrotransposons and
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this grouping is based on presence of long terminal repeat (LTR) sequences and
genomic structure of retrotransposons. Short interspersed nuclear elements (SINEs)
and long interspersed nuclear elements (LINEs) (Beck et al., 2011). LINE-1 (L1)
elements catalyse all retrotransposition events occurring in humans. Two proteins are
encoded by active L1s and these proteins are needed for the mobilization of these
retrotransposons (Feng et al., 1996). These proteins are ORF1p and ORF2p. ORFl1p
refers to RNA binding protein which has the activity of a nucleic acid chaperon
(Martin and Bushman, 2001). ORF2p refers to a multidomain protein possessing

activities of endonuclease and reverse transcriptase (Feng et al., 1996).

Murine Tex19.1 may interact directly with L1-ORFp (MacLennan et al., 2017).
Tex19.1 is capable of triggering polyubiquitylation of ORFIp as of well as
degradation of ORF1p and may limit mobilization of LINE-1. It could be that there is
relation between a function of Tex19.1, to some degree, through triggering the E3
ubiquitin ligase Ubr2 activity for L1-ORF1p protein. It can be postulated that Tex19.1
inhibits de novo retrotransposition during the pluripotent phase of germline cycle
which LINE1-1 elements are transcribed. Post-translational modification of proteins
encoded by LI retrotransposons in mammals is capable of making significant
contribution in sustenance of transgenerational genome stability and TEX19 is

proposed to function in control of this process (MacLennan et al., 2017).

It has been established that TEX19 is associated with modulating cohesion of sister
chromatids (Reichmann et al., 2017). Murine Tex19.1 protein regulates sister
chromatid cohesion in postnatal oocytes. It has also been reported that human 7EX79
overexpression in transfected HEK239T cells is linked with regulating a subset of
cohesion complex, a characteristic feature of which is that the SMC3 subunits of these
complexes are acetylated. Cohesin complex containing acetylated SMC3 subunit are
normally those which maintain the inter-sister cohesion. Considering these reports, it
can be proposed that TEX19 is responsible for regulation of a chromatin-associated
subset of cohesion which contains acetylated SMC3 (Reichmann et al., 2017). A co-
worker noted that histone H3K9 acetylation appeared to be depleted after TEX19
knockdown (L.Alghatani) if correct this observation would indicate an as yet
unidentified function for TEX19. Therefore, in this chapter we aimed to examine this

finding further ask whether TEX19 could have biological role associated to epigenetic
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regulation in cancer cells. Additionally, we aim to establish whether TEX19 is related
to control of L1 ORFIp in human cancer cells, thereby potentially influencing

retroelement activity.
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6.2 Results

6.2.1 The association between TEX19 and H3K9 acetylation in cancer cells.

It was proposed that a role of TEX19 in driving cancer cell proliferation could be
related to the transcriptional regulation of particular genes essential for cell
proliferation or cell cycles (Planells-Palop et al., 2017). Unpublished data from the
McFarlane lab showed an association between TEX19 and H3K9 acetylation. H3K9
acetylation appeared to be reduced considerably following knockdown of TEX19.
This finding requires verification and assessment in a number of cancer cell lines

including TEX719- HA HCT116 cancer cell line expressing an epitope tagged gene.

TEX19 knockdown was performed in SW480, H460, HCT116 and TEXI9-HA
HCT116 cancer cell utilising small interfering RNA. siRNA 7 was utilised to deplete
the TEX19 gene transcripts. The negative control was non-interfering RNA. siRNA
was transfected into cultures for 3 days, then RNA and protein were extracted from all

the cultures.

The cells cultured with siRNA7 for 3 days had a clear reduction in TEX19 protein
level relative to the non-interfering RNA control. SW480 cells exhibit no clear
reduction of H3K9-Ac level compared to non-interfering RNAs treated cultures
(Figure 6.1). While H3K9-Ac levels were decreased after the knockdown of TEX19
in H460 cancer cells (Figure 6.2). HCT116 cancer cells (Figure 6.3) and TEX7/9- HA
HCT116 cancer cell (Figure 6.4). However, the data from the western blot analysis
following knockdown of TEX19 showed that the level of total histone H3 have not
been notably changed in all examined cancer cells. These data may suggest that extent

of the TEX19 impact differently in each type of cancer cells.

136



1.5-
Em Untreated

mm Non-Interference

1.0+ Bl TEX19 siRNA7
0.5+
0.0~

Anti-H3K9-Ac antibody

(~ 18 kDa) _
Anti-Histone H3 antibody
(~ 18 kDa)

Figure 6.1 TEX19 depletion does not impacts H3K9 acetylation in SW480 cancer
cells. (I) The bar chart displays the mRNA levels of TEX79 in SW480 cancer cells
following siRNA treatment. The TEX79 mRNA data were normalised to the qRT-PCR
data of two genes, GAPDH and BACT. P values presented significant changes when
siRNA7 was utilised compared to the non-interference (** P value < 0.01). (II) Western
blot analysis of TEX19 protein following siRNA treatment in the SW480 cancer cell
line. siRNA7 was used to deplete TEX19 in SW480 cancer cell line. Blot has been probed
to visualize the level of H3 K9 acetylation and total H3 protein. TEX19 depletion was
observed in culture treated with siRNA7 compared to the controls untreated cells and non-
interference. The blots display that knockdown of TEX19 not impacts on depletion of
H3K09 acetylation levels, and no changed was notable in total H3 levels.
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Figure 6.2 TEX19 depletion impacts on H3K9 acetylation in H460 cancer cells.

(I) The bar chart displays the mRNA levels of TEX79 in H460 cancer cells following
TEX19 depletion. The TEX79 mRNA data were normalised to the qRT-PCR data of two
genes, GAPDH and SACT. P values presented significant changes when siRNA7 was
utilised compared to the non-interference (*** P value < 0.0001). (II) Western blot
analysis of TEX19 protein following siRNA treatment in the H460 cancer cell line.
siRNA7 was used to deplete TEX19. Blot has been probed to visualize the level of H3 K9
acetylation and total H3 protein. TEX19 depletion was observed in culture treated with
siRNA7 compared to the controls untreated cells and non-interference. The blots display
that knockdown of TEX19 impacts on depletion of H3K9 acetylation levels, and no
changed was notable in total H3 levels.

138



-
L5
1

Bl Untreated
m Non-Interference
Bl TEX19 siRNA7

-
o
1

Normalized Fold Expression
o
e

o
o
L

II

TEX19 siRNA7

ntreated
Non-Interference

Anti-TEX19 antibody
(~ 23 kDa)

Anti-H3K9-Ac antibody
(~ 18 kDa)

Anti-Histone H3 antibody
(~ 18 kDa)

Figure 6.3 TEX19 depletion impacts on H3K9 acetylation in HCT116 cancer cells.

(I) The bar chart displays the mRNA levels of TEX79 in HCT116 cancer cells following
TEX19 depletion. The TEX79 mRNA data were normalised to the qRT-PCR data of two
genes, GAPDH and BACT. P values presented significant changes when siRNA7 was
utilised compared to the non-interference (**P value < 0.01). (II) Western blot analysis of
TEX19 protein following siRNA treatment in the HCT116 cancer cell line. siRNA7 was
used to deplete TEX19. Blot has been probed to visualize the level of H3 K9 acetylation
and total H3 protein. TEX19 depletion was observed in culture treated with siRNA7
compared to the controls untreated cells and non-interference. The blots display that
knockdown of TEX19 impacts on depletion of H3K9 acetylation levels, and no changed
was notable in total H3 levels.
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Figure 6.4 TEX19 depletion impacts on H3K9 acetylation in 7EX79- HA HCT116
cancer cells. (I) The bar chart displays the mRNA levels of TEX19 in TEX19- HA
HCT116 cancer cells following TEX19 depletion. The TEX/9 mRNA data were
normalised to the qRT-PCR data of two genes, GAPDH and SACT. P values presented
significant changes when siRNA7 was utilised compared to the non-interference (*P value
< 0.05). (I) Western blot analysis of TEX19 protein following siRNA treatment in the
TEX19- HA HCT116 cancer cell line. siRNA7 was used to deplete TEX19. Blot has been
probed to visualize the level of H3 K9 acetylation and total H3 protein. TEX19 depletion
was observed in culture treated with siRNA7 compared to the controls untreated cells and
non-interference. The blots display that knockdown of TEX19 impacts on depletion of
H3K09 acetylation levels, and no changed was notable in total H3 levels.

140



6.2.2 TEX19 may control other histone modifications in H460 and HCT116
cancer cells

It was found that a biological role of TEX19 may impact on H3K9-Ac levels in H460
and HCT116 cancer cells. The change appeared in H3K9-Ac levels after knockdown
of TEX19 encouraged us to look for different histone epigenetic marks. In this
experiment, western blotting was utilized using several monoclonal antibodies to
particular markers including H3K9-Ac, H3K4 mono-me, H3K4 di-me, H3K4 tri-me,
H3K18-Ac, H3K9 tri-me and total histone (H3). siRNAs 7 was utilised to deplete
TEX19 in H460 and HCT116 cancer cells for 3 days. The negative control was non-
interfering RNA. TEX19 knockdown was proved via utilizing RT-qPCR analysis.
TEX19 mRNA level was significantly reduced relative to the non-interfering RNA
control in H460 cancer cells (Figure 6.5.1) and also in the HCT116 cancer cells
(Figure 6.6.1).

Western blot data showed that the levels of H3K9-Ac and H3K18-Ac were reduced
following TEX19 depletion in H460 cancer cells Figure (6.5. II) and HCT116 cancer
cells Figure (6.6.1I). It was also noticed that the level of total H3 are not changed. This
data leads to the proposal that TEX19 has an important role in regulation of distinct
epigenetic marks. But the lack of change to other marks such as H3K4-me (Figure

6.5/6.6) indicate this is not a general epigenetic regulation role.
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Figure 6.5 Examination of various histone H3 modification after knockdown of TEX19 in
H460 cancer cells. (I) The bar chart displays the mRNA levels of TEX79 in H460 cells. The
TEX19 mRNA data were normalised to the qRT-PCR data of two genes, GAPDH and SfACT. P
values presented significant changes when siRNA7 was utilised compared to the non-interference
(** P value < 0.01). (II) Western blot analysis of histone extract of H460 cells following siRNA
treatment. siRNA 7 was used to deplete TEX19 in H460 cells. Blots were probed to visualize
the level of H3K9-Ac, H3K4 mono-me, H3K4 di-me, H3K4 tri-me, H3K18-Ac, H3K9 tri-me and
total histone (H3) proteins. The blots display that knockdown of TEX19 impacts on depletion of

H3K9-Ac and H3K18-Ac levels and no changed was notable in total H3 levels.
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Figure 6.6 Examination of various histone H3 modification after knockdown of TEX19 in
HCT116 cancer cells. (I) The bar chart displays the mRNA levels of TEX/9 in HCT116 cells.
The TEX19 mRNA data were normalised to the qRT-PCR data of two genes, GAPDH and fACT.
P values presented significant changes when siRNA7 was utilised compared to the non-
interference (** P value < 0.01). (II) Western blot analysis of histone extract of HCT116 cells
following siRNA treatment. siRNA 7 was used to deplete TEX19 in HCT116 cells. Blots were
probed to visualize the level of H3K9-Ac, H3K4 mono-me, H3K4 di-me, H3K4 tri-me, H3K18-
Ac, H3K9 tri-me and total histone (H3) proteins. The blots display that knockdown of TEX19
impacts on depletion of H3K9-Ac and H3K18-Ac levels and no changed was notable in total H3
levels.
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6.2.3 TEX19 regulates L1-ORF1p in some cancer cells

Tex19.1 in mice has been reported to regulate L1-orflp levels. Moreover, other work
in the Macfarlane group (unpublished) has indicated there might be a role for TEX19
in human cancer cells to regulate L1-ORF1. Here we wished to explore this further
and address whether TEX19 does influence LI-ORF1 in cancer cells. TEX19
knockdown was performed in SW480, H460 and HCT116 cancer cells utilising small
interfering RNA. siRNA7 was utilised to deplete the TEX/9 gene transcripts. The
negative control was non-interfering RNA. siRNA was transfected into cultures for 3

days, and then RNA and protein were extracted from all the cultures.

The successful knockdown of TEX79 in SW480 resulted in no change of the LI-
ORF1 transcript levels (Figure 6.7.1). Furthermore, the Western blot data showed no
change in L1-ORF1p following depletion of TEX19 relative to the untreated and non-
interfering RNA controls (Figure 6.7.11). In HCT116 cancer cells, the LI-ORF1
transcript level showed no change following significant knockdown of TEX/9.
Moreover, Western blot data of HCT116 cancer cells showed no L1-ORF1p, even in
untreated and non-interfering cells (Figures 6.8. I and 6.8.1). H460 cancer cell data
showed that the significant knockdown of TEX/9 resulted in a remarkable change of
the L/-ORFI transcript levels (Figure 6.9.1). Western blot analyses also showed that
successful knockdown of TEXT9 resulted in a clear depletion in LI-ORF1p compared
with the untreated and non-interfering RNA controls (Figure 6.9.11).

For further confirmation of the results, L1-ORF1p protein levels were examined after
depletion of TEX79. Western blot analysis was used with different protein lysates of
HCT116, SW480 and H460. (The lysates were taken from a previous experiment; see
Chapter 5). Intrestingly, ORF1 protein is not induced following TEX19 depletion. The
data confirmed that L1-ORF1p did not appear in HCT116 cancer cells in any of the
examined samples, including the untreated and non-interfering cells. The L1-ORF1p
levels were not changed following TEX19 depletion in SW480 cancer cells, while in
H460 cancer cells, the data confirmed that the L1-ORF1p level was reduced following
TEX19 depletion (Figure 6.10).
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Figure 6.7 Examination of L1-ORF1 levels following 7EX19 knockdown in SW480 cells.

(I) The bar chart displays the mRNA levels of TEX79 and LI-ORF1 in SW480 following depletion of
TEXI19. The mRNA data were normalised to the qRT-PCR data of two genes, GAPDH and SACT. The p-
values presented significant changes in the TEX/9 transcript level when siRNA7 was utilised compared
with the non-interfering case (** p-value < 0.01), and no changes in ORFI transcript levels were
detected. (II) Western blot analysis of SW480 cells following TEX79 siRNA7 treatment. The data
display that knockdown of TEX19 does not affect L1-ORF1 levels relative to the untreated and non-
interfering RNA control. GAPDH was employed in this study as a positive loading control.
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Figure 6.8 Examination of L1-ORF1 levels following 7EX19 knockdown in HCT116 cells.

(D) Bar chart displays the mRNA levels of TEX79 and L/-ORF1I in HCT116 following the depletion of
TEXI19. The mRNA data were normalised to the QRT-PCR data of two genes, GAPDH and fACT. The p-
values presented significant changes in the TEX79 transcript level when siRNA7 was utilised compared
with the non-interfering case (** p-value < 0.01), and there were no changes in ORF'I transcript levels.
(IT) Western blot analysis of HCT116 cells following TEX79 siRNA7 treatment. The data display that no
of L1-ORF1 protein was detected, even in the untreated and non-interfering RNA controls. GAPDH was
employed in this study as a positive loading control.
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Figure 6.9 Examination of L1-ORF1 levels following 7EX19 knockdown in H460 cells.

(D) Bar chart displays the mRNA levels of TEX19 and LI-ORFI in H460 following the depletion of
TEXI19. The mRNA data were normalised to the qRT-PCR data of two genes, GAPDH and pACT.
The P values presented significant changes in the 7EX79 transcript level when siRNA7 was utilised
compared to the non-interference case (** P value < 0.01) and significant changes in ORFI transcript
levels were detected (***P value <0.001). (II) Western blot analysis of H460 cells following TEX19
siRNA7 treatment. The data display that knockdown of TEX19 impacts on depletion of LI-ORF1p
level relative to the untreated and the non-interfering RNA control. GAPDH was employed in this

study as a positive loading control.
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Figure 6.10 Confirmation of L1-ORF1 levels following TEXI9 knockdown in HCT116,
SW480 and H460 cells. Western blot data of HCT116, SW480 and H460 cancer cells following
TEX19 siRNA7 treatment. The data verify that L1-ORF1p not appeared in HCT116 cancer cells in
all examined samples including untreated and non-interference cells. L1-ORF1p levels were not
changed following TEX19 depletion in SW480 cancer cells. In H460 cancer cells the data
confirmed that L1-ORF1p level was reduced following TEX19 depletion. GAPDH was carried out
in this study as a positive loading control.
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6.3 Discussion

6.3.1 TEX19 can regulate histone acetylation in cancer cells

TEX19 has been shown to be associated with oncogenesis. Moreover, it has also been
proven that TEX19 is required for self-renewal and proliferative potentials of
different types of cancerous cells in humans (Planells-Palop et al., 2017). Considering
these findings, it can be stated that TEX19 may serve as a promising cancer specific

therapeutic target, possibly via small molecule inhibition.

The nucleus contains many acetylated proteins. These proteins affect transcription
directly or indirectly through transcription factors, co-activators and nuclear receptors.
SMC3 is a non-histone protein and acetylation of this protein is involved in regulating
cohesion of sister chromatids as well as non-cohesion process (Kawasumi et al.,
2017). Reichmann et al. (2017) have also demonstrated involvement TEX19 in
regulation of acetylated SMC3. Certain post-translational modifications prove to be
required for epigenetic pathways which may affect histone tails leading to
remodelling of structure of chromatin thereby giving rise to changed transcriptional
states (activated or inactivated) (Tessarz et al., 2012). Acetylation of H3 and H4 are
key post-translational modifications which are linked with active chromatin marks

(Dawson et al., 2012).

A preliminary study was carried out in the McFarlane group to check if depletion of
TEX19 can cause changes in levels of histone and histone modifications. This
investigation is importance since growth of cancerous cells is affected by epigenetic
histone modification. Importantly, H3K9Ac is crucial for the regulation of
chromosomes and control of gene expression. Unpublished data from the McFarlane
lab showed an association between TEX19 and H3K9 acetylation. H3K9 acetylation
appeared to be reduced considerably following knockdown of TEX19. The data here
confirmed the preliminary results and clearly display a functional association between
TEX19 and direct genome regulation in H460, HCT116 and TEX79- HA HCTI116

cancer cells.
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6.3.2 Involvement of TEX19 in regulation of distinct histone modifications in
H460 and HCT116 cancer cells

TEX19 has been shown to impacts on regulating levels of H3K9-Ac and this effect
was found to be variable in HCT116 and H460 cancer cells. Different histone
modifications have been noticed to participate differently in regulation of genome
functions and in controlling transcription of genes (activation or inactivation).
Moreover, a number of these functions are connected to one another (Arnaudo et al.,
2013). In general, H3K9-Ac has been found to be positively correlated with
transcriptionally active chromatin. Accordingly, reduction in acetylation of H3K9 is

expected to generate chromatin which is not much transcriptionally active.

Western blotting was utilized using several monoclonal antibodies to particular
markers including H3K9-Ac, H3K4 mono-me, H3K4 di-me, H3K4 tri-me, H3K18-
Ac, H3K9 tri-me and total histone (H3). It was noticed the levels of H3K9-Ac and
H3K18-Ac were considerably decreased following TEX19 depletion. However, there
was not any significant change in total H3 level. It has been demonstrated previously
that H3K18-Ac is one of those histone modifications which indicate activation of
transcription (Chervona &Costa, 2012). There is a correlation between certain histone
modifications of specific chromatin domains and highly organized structure of
chromatin as well as gene activity occurring at variable degrees. For example, de-
condensation of chromatin together with development of chromatin loops is achieved
through active chromatin marks that include H3K9-Ac. Such marks are responsible
for making actively transcribed genes different from extremely condensed
chromosome (Schones &Zhao, 2008). The results in this chapter may indicate
involvement of TEX19 in positive regulation of transcriptionally active state of
chromatin. One postulate relates to the fact TEX19 has many characteristics of a

histone chaperone. This is explored in Chapter 7.

6.3.3 TEX19 can control L1-ORF1 in cancer cells

It has recently been found that mouse Tex19.1 actively contributes to the regulation of
TEs. According to MacLennan et al. (2017), Tex19.1 may demonstrate direct
interaction with L1-ORF1p, which is a protein encoded by L1 that is needed for retro-
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transposition. Moreover, the polyubiquitylation and degradation of ORFIlp and
polyubiquitylation is triggered by Tex19.1, which is also responsible for limiting
mobilisation of LINE-1. It was indicated that Tex19.1 may perform its function
through stimulation of the activity of the enzyme E3 ubiquitin ligase Ubr2 to act on
the L1-ORF1p protein (MacLennan et al., 2017).

Western blotting of proteins extracted from different cancer cells displayed that there
is a functional relationship between TEX19 and L1-ORF1p in human cancer cells.
However, there is fundamental intercellular heterogeneity, in that some cancer cells
do not have detectable ORF1, some have ORF1 which is regulated by TEX19 and in

some it is not.

The data in this study showed that TEX79 depletion resulted in depletion of L/-ORF'1
in H460 cancer cells on the mRNA level, which may suggest that L/-ORF1 gene
expression or transcript is controlled by TEX19 in H460 cells. Importantly, a
reduction of the transcript level of L1-ORFp in H460 cells appeared to result in a
reduction of the protein level also after TEX19 knockdown.

In HCT116 cancer cells, data showed no effect of the transcription level of L/-ORF1
and there is no detectable L1-ORF1. Furthermore, Western blotting results verified
that there was no L1-ORFp protein in HCT116 cells. In SW480 cancer cells, the data
showed no effect of the transcription level of L/-ORFI, while Western blotting
showed that the level of L1-ORF1p did not change following TEX19 depletion. It was
surmised that we did not detect the effect of TEX19 on L1-ORFp due to limited
TEX19 depletion via siRNA, or alternatively, TEX19 may not be involved in
controlling L1-ORF1p in this cell line. Indeed, more confirmation to deplete TEX19
in SW480 cancer cells is needed to verify this finding. This experiment was limited

because of time limitations, and more verified analysis is required.

Interestingly, in mice Tex19.1 stimulates Orflp degregation. If human and mouse
mechanistic roles for TEX19/Tex19.1 were similar it might be postulates that TEX19
in human caused polyubiquitylation and degradation of ORF1, so that loss of TEX19
would result in increased levels of ORF1. This is clearly not the case. In cells lacking

detectable ORF1, such as HCT116, we do not stimulate appearance of detectable
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ORFI1 by depleting TEX19. Moreover, in cells were TEX19 depletion does influence
ORF1 levels, such as H460, it causes a reduction in ORF1, not an increase. This is
likely due to reduction in ORF transcripts, so TEX19 might stimulate transcription
of LINE-1 mRNA. However, TEX19 might also directly stabilize ORF1 protein
which in turn stabilize LINE-1 mRNA. Our current data can not distinguish between

these two possibilities and further analysis is required.
So, it is clear TEX19 controls both ORF1 and histone H3K9-Ac. Both proteins have

strong association with nucleic acids (ORF1 with LINE1 mRNA; H3K9-Ac with

DNA). So, we speculate TEX19 could be a nucleic acid minics.
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Chapter 7

Final discussion
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7. Final discussion

A characteristic feature of stem cells and some cancerous cells is their capability of
self-renewal. It has been postulated that some cancer cells may undergo a transition
from soma to germline, or they may instigate programmes which are responsible for
organizing the germ-like state (Feichtinger et al., 2014; McFarlane et al., 2014). The
hallmarks of cancers, such as metastasis, invasiveness and uncontrolled proliferative
potentials, are common biological features in both cancer cells and germ cells
(Hanahan & Weinberg, 2011). Accordingly, it has been suggested that the reactivation
of germline genes in cancer cells is involved in these phenomena. Similarly, the
reactivation of several germline genes has been found to be involved in metastatic and
aggressive traits of lung cancer. Accordingly, diagnostic and therapeutic approaches
may consider utilizing these as targets (Rousseaux et al., 2013). Certain germline
genes which have established roles in the regulation of meiosis have been
demonstrated to bring about oncogenesis (Cho et al., 2014). Involvement of germline

genes in the instigation, progression and sustenance of cancer is therefore clear.

Human PRDMY has proven to be a meiosis specific gene and the PRDM9 protein has
methyltransferase activity. PRDM?Y is expressed in several different kinds of cancers
(Feichtinger et al., 2014). The murine orthologue of human PRDM9, namely Meisetz,
has been described as a meiotic recombination activator which is involved in
regulation of transcription for other meiosis specific genes (Hayashi et al., 2005), and
PRDM?9 overexpression play important roles in upregulation of a number of human
genes in HEK293 cells (Altemose et al., 2017). This implies that expression of only
one meiosis specific epigenetic regulator is capable of changing the transcriptional

landscape of human cancer cells (Altemose et al., 2017).

Numerous studies have reported the role of PRDMY in activating hotspot sites of
meiotic recombination (Baudat et al., 2010; Myers et al., 2010; Parvanov et al., 2010).
Still, research studies conducted in recent years have found that genomic stability is
associated with meiotic recombination hotspot sequences (Houle et al., 2018). The
PRDMY protein contains zinc fingers which enable binding of this protein with
particular genomic sequences (Paigen & Petkov, 2018; Grey et al., 2018). Analysis of

binding sites of PRDMY9 in human cancer cells points towards the fact that these
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binding sites are linked with sites involved in genome rearrangements in different
cancer cells (Houle et al., 2018). Considering this, it has been proposed that PRDM9
methyltransferase activity serves as hotspot activator as well as regulator of
transcription of several meiosis specific proteins. It was confirmed by the idea that the
expression of testis-specific RIK gene (Morc2b) has been controlled by Prdm9 in
mice. During this study, HeLa Tet-On cells were transfected with PRDM9 and
overexpression of PRDMY caused upregulation of the CT genes MAGEAI and GAGE
and PRDM?7. 1t has therefore been proposed that PRDM9 may serve as regulator for

transcription of other genes in cancerous cells.

PRDM9 has been found to comprise of a PR/SET domain demonstrating histone
methyltransferase activity beside the KRAB (Kruppel-association box) protein-
protein binding domain and multiple zinc finger arrays (Baudat et al., 2013).
According to Hayashi et al., (2005), trimethylation of H3K4 is catalysed by the
PR/SET domain of Prdm9. Transcription of genes is considerably affected by this
trimethylation. Similarly, human PRDM9, when transfected in HEK293 cells, has
been found to be capable of mediating trimethylation of H3K4 and H3K36 (Eram et
al., 2014). In this research, trimethylated H3K4 and H3K36 activity was not
significantly changed in this study following overexpression of transfected PRDMY in
HCT116 Tet-On cells. This may because western blot analysis did not detect the
signal of PRDM9 during this research, so in our hands the system did not appear to

operate as we had hoped.

One more example of a meiosis-specific gene which has been described by
researchers as a CT gene is human TEX/9. TEX19 controls SPOI1-mediated
recombination and shows high impact in proliferation of cancer cells (Planells-Palop
etal., 2017).

However, the exact function of TEX19 in human oncogenesis still needs to be found
as disturbance in its activation was detected in different types of cancer (Feichtinger

et al., 2012; Zhong et al., 2016).
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The data of this research also found that TEX19 is very important for cancer cells and
proliferation of cancer cells is substantially decreased following depletion of TEX79.
It has been postulated that TEX/9 serve as gene that codes for a protein which works
for regulation of transcription in cancer cells (Planells-Palop et al., 2017). Preliminary
research conducted by a one of researcher in the McFarlane lab showed that TEX19
can be involved in regulating H3K9 acetylation as knockdown of TEX19 caused
significant depletion of H3K9 acetylation in cancer cells. This research has confirmed
that significant decrease in H3K9 acetylation level following knockdown of TEX19 in

many cancer cells.

The data from this study strongly indicate that TEX19 is functionally involved in
regulating chromatin network in cancer cells. Since H3K9 acytelation and H3K18
acetylation levels were reduced following TEX19 knockdown in cancer cells. It can
be stated that acetylation of H3K9 acetylation is controlled by TEX19. In addition to
this, depletion of TEX19 has also resulted in abnormal mitotic events (McFarlane
group unpublished). This is further supported by the role of TEX19 in regulating
chromatin network and chromatid cohesion. Researchers have also demonstrated the
role of Tex19.1 in regulating cohesion in oocytes of postnatal mice (Reichmann et al.,

2017).

So, how might TEX19 regulate chromatin?

It has been established that histone chaperones perform important functions in all cells
of humans. In particular, these proteins are involved in loading, transport, storage and
elimination of histones in human cells (Gurard-Levin et al., 2014; Warren &Shechter,
2017). Certain characteristic features of histone chaperones have been described by
researchers, One of these characteristic is increasingly acidic nature since these
proteins possess one acidic stretch at least. Studies indicate that TEX19 displays
certain properties which have been used to characterize histone chaperones. Taking
into account the finding that Tex19.1 participates in promotion of meiotic
recombination required for chromatin remodelling (Crichton et al., 2017) and the

finding that TEX19 displays properties which are characteristic features of histone
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chaperones; one can postulate that TEX19 contributes in regulating histone dynamics

by serving as a chaperone protein.

TEX19 protein has been found in embryo stem cells and germ cells of humans
(Ollinger et al., 2008; Planells- Palop et al., 2017). Accordingly, investigating the
possibility of regulation of histone acetylation by TEX19 in stem cells is crucial not
only from a scientific perspective but also for comprehending the association between
cancer cells and embryo stem cells. This investigation may involve depletion of
TEX19 in hESCs followed by western blotting and genome-wide chromatin immune-

precipitation (CHIP) by utilizing antibodies raised against H3K9-Ac.
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