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Abstract
Cancer is currently the second most common disease resulting in high death rates globally
(www.who.int accurate to 2015). A combination of various genetic and/or epigenetic
modifications, which lead to distinct chromosomal abnormalities and/or mutations, cause
somatic cell transformations leading to the formation of cancer cells. New strategy is
emerging with the relatively recent identification and functional characterisation of cancer
testis antigens (CTAs), which are antigens, encode by gene with expression normally
restricted to the testis of adult males, which become activated in cancers. These (CTAs) can
potentially serve as cancer-specific biomarkers, and could play a core role in cancer diagnosis
and subsequent prognosis. This current study focuses on the human CTA gene, SPO11 and
the expression, protein localisation and function of this CTA in different cancer cells. In mice,
infertility is observed when SPO11 is dysfunctional. Similarly, the homozygous null mutation
of Spo11 contributes to the arrest of meiotic division mid-prophase I. In several model
organisms, including S. pombe, Drosophila, Caenorhabditis elegans and Coprinus cinereus,
the loss of Spo11 function results in the production of defective gametes, ultimately indicating
the failure of the meiotic process. Thus, Spo11 protein is necessary for accurate gamete
formation. During this study SPO11 has been detected in testis, most cancer cells, but not
found in the healthy normal tissues. SPO11 knockdown in different cancer cell lines results in
reduced proliferation of these cells in an apoptosis-independent manner. SPO11 was also
shown to co-localise with Bloom protein, a recQ-like-helicase involved in decatenation of
dividing chromosomes. These results taken together suggest that the presence of SPO11 in
non-meiotic cells changes the dynamics/timing of the cell cycle potentially by interfering with
or modulating the chromosome structure during cell division. Instability within the
chromosome structure and cell proliferation are two major factors considered to be involved
in the development of human cancer. This study propose that the SPO11 gene could be
playing a critical role in controlling the genome stability of cancer cells, and thus necessary
for stimulating and maintaining the oncogenic processes. SPO11 when present in cancer cells
may also lead to aberrant initiation of DNA double-stranded breaks and/or altered DNA
replication/chromosome segregation during mitosis resulting in chromosome changes. Future
work was done in this study to purify SPO11 expressed in E. coli for use in crystal structure
and in vitro assays to develop drugs to specifically target this protein in cancers where it has
been detected.
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Chapter 1: Introduction

1. Introduction
1.1

Cancer

1.1.1 Cancer overview

Although treatment and/or vaccination has eliminated several deadly diseases, cancer, which
has been detected in human remains from over 3,000 years ago, is still considered to be one of
the most lethal diseases in the world (Kelland, 2014). Cancer is one of the leading causes of
death worldwide, especially in economically advantaged and developed countries (Jemal et
al., 2011). In spite of the substantial progress made in fighting against cancer, mortality rates
from this disease are still high (Siegel et al., 2013). According to the World Health
Organisation (WHO), it is estimated there are more deaths caused by cancer than by heart
disease and stroke (Ferlay et al., 2015). Similarly, data indicates that cancer is 25% more
harmful to men than women; in particular, lung cancer occurs more frequently than stomach,
liver, colorectal cancer, prostate, breast and other cancers. Breast cancer was diagnosed as the
second killer and tops the list in women (Ferlay et al., 2015).
Cancer can initiate from any cell type or organ in the body and is characterised by
uncontrolled cell division. In a number of cases, distant organs and normal tissues can also be
invaded by cancerous cells in a process known as metastasis. DNA mutations and epigenetic
modifications can also be responsible for the initiation of tumours by driving the cancerous
cell proliferation (Stratton et al., 2009; Sharma et al., 2010; Brabek et al., 2010; Tomasetti et
al., 2013; Wodarz & Zauber, 2015; Flavahan et al., 2017).
1.1.2 Causes and types of cancer

Determining the causes of cancer is complicated, although several factors which include
smoking (Washio et al., 2016), radiation, chemicals (Burger et al., 2013) and viruses (Parka et
al., 2016) have been implicated. Obesity, lifestyle, occupational factors, environmental factors
and genetic factors also have a strong association with cancer occurrence (Martin-Moreno et
al., 2008; Song & Giovannucci, 2015; Negri Jr et al., 2016). Another contributory factor is
age. Men over 40 are susceptible to prostate and bowel cancer. While women may develop
breast cancer starting at age 40, it most often occurs after age 50 (Autier, 2016). UK data
shows that half of diagnosed cancer patients are approximately 70 years old, while 52 %
1
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encounter death at the age of 75 years or more suggesting a relationship between age and
cancer morbidity and mortality (Moller et al., 2011). Tumours can be categorised as benign
growths or malignant cancers. Non-cancerous benign tumours are characterised by their slow
growth rate and they typically do not transfer to other tissues. Malignant tumours, on the other
hand, are cancerous and often migrate to other places in the body during metastasis.
Malignant tumours are usually deadly, especially when they spread to the vital organs
(Souhami & Tobias, 2005; Valastyan & Weinberg, 2011). Cancerous diseases are divided into
different classes based on cell type or the organ of origin. For instance, leukaemia is cancer of
the blood cells (Park et al., 2016) while a cancer type known as sarcoma has its origin in
mesenchymal connective tissues and occurs in blood vessels, cartilage and muscles (Kisiel et
al., 2015). Another type of cancer is blastoma, which derives from immature tissues (Story &
Johnston, 2016).
1.1.3 Hallmarks of cancer

The features of cancer involve the factors recognisable as necessary for the formation of
malignant tumours. These factors are specific to cancers and enable them to proliferate,
disseminate and survive. Generally, cancer cells are characterised by six hallmarks or traits.
Self-sufficiency has been one of them in terms of growth signals, this means that the cancer
cell division occurs in the absence of growth signals. Contrastingly, external growth signals
control the normal cells playing a critical role in regulating cell division. The anti-growth
signal insensitivity is another hallmark of cancer, as is the evasion of apoptosis, by which
cancer cells avoid programmed cell death, which is essential for the removal of damaged
cells. Another trait of cancer is the potential of cellular immortality. Tumour cells escape
death, which normally occurs after a certain number of cell divisions; normal cells can
undergo only a limited number of divisions. Another hallmark of cancer is sustaining
angiogenesis, which is a process by which new blood vessels deliver nutrients and oxygen to
cancer cells. Metastasis makes up the sixth of the originally proposed cancer hallmarks.
(Hanahan & Weinberg, 2000; Sonnenschein & Soto, 2013). Hanahan and Weinberg (2011)
later asserted that cancer has four more traits. These involve genome instability, which is
liable to produce inflammation and genetic variety fostering a number of hallmark functions.
Evading the metabolic pathway and immune system abnormalities are considered additions to
the cancer hallmark list (See Figure 1.1).
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Figure 1.1: A schematic diagram of cancer hallmarks and their therapeutic agents. The figure
summarises the ten features of cancer cells that contribute to the immortality of cancer cells (Hanahan
& Weinberg, 2011). As a consequence of these strategies, cancer cells are able to contribute to
inflammatory responses, bypass the immune system and contribute to differential energy use in spite
of their mutation and genetic instability. It is possible for health care professionals and researchers to
create pharmaceuticals that specifically interfere with these processes, thereby minimising the spread
of cancer cells, as well as their impact on tissue and organ functionality (Adapted from Hanahan &
Weinberg, 2011

3
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1.2 Influence of genomic stability on cancer
In-depth studies of tumorigenesis formation show the involvement of three types of genes.
The genomic stability genes, oncogenes and tumour suppressor genes are able to regulate the
process of DNA repair and chromosome segregation. However, there is precise regulation of
the proliferation of cells and contributions of these three types of genes to the hallmarks of
cancer. An alteration in oncogene and tumour suppressor gene expression is the foremost
causes of interruption in the division of cells and the consequent cancer formation. The
promotion of cell growth by the oncogenes has the potential to cause cancer. The tumour
suppressor genes, on the other hand, inhibit cell growth and promote apoptosis. The
conjunction of oncogene expression and mutation or the dysfunction of tumour suppressor
genes can trigger oncogenesis (Vogelstein & Kinzler, 2004; Negrini et al., 2010a; Hanahan &
Weinberg, 2011; Ferguson, et al. 2015; Kim, 2015; Morris & Chan, 2015).
1.2.1 Tumour suppressor genes in tumorigenesis

Tumour suppressor genes (TSGs) are capable of protecting cells from cancer. TSGs play a
significant role in maintaining apoptosis and are responsible for cell cycle control. When
TSGs mutate or are otherwise dysfunctional, the cell cycle does not stop, leading to
uncontrolled cell division and, potentially, cancer (Thoma et al., 2011; Weinberg, 2013). One
of the key tumour suppressor genes is TP53; genetic alterations in TP53 are detectable in half
of cancer cases. TP53 plays a critical role in commencing cell cycle inhibition, the processes
of antiangiogenesis and the maintenance of the programmed death of the cells. A functional
reduction has also been linked to metastasis (Surget et al., 2014; Zhang et al., 2015). The
deactivation of TP53 has been detected frequently in a wide range of cancers such as acute
myeloid leukaemia (AML) (Seipel et al., 2016) and colon cancer (Prabhu et al., 2016). TP53
is able to differentiate between progenitor cells and stem cells through regulated
differentiation and specific pathways. The absence of it can result in the replication of stem
cells, leading to the activation or maintenance of oncogenic epigenetic pathways (Levine et
al., 2016).
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1.2.2 Oncogenes and cancer initiation

Oncogenes prevent the activation of apoptosis facilitate the continuation of uncontrolled cell
proliferation. Oncogenes are commonly mutated genes, and they can be expressed at a high
level in tumours (Croce, 2008; Bagci & Kurtgöz, 2015). Other oncogenes, such as cancer
testis antigen (CTA) genes, are not mutated genes but derive an immunogenic expression in
cancer patients (Whitehurst, 2014; Yang et al., 2015). Moreover, the proto-oncogene is a gene
that has ability to change in to oncogenes under specific conditions, such as mutation. Many
factors activate oncogenes, including gene amplification, chromosomal translocation,
mutations in the gene and epigenetic dysregulation (Croce, 2008; Bagci & Kurtgöz, 2015).
An oncogene mutation alters the encoded proteins structure in such a way that modifies and
alters their activity. The Ras oncogenes family, which includes NRAS, HRAS and KRAS
genes, is an example of oncogenes (Croce, 2008; Fernandez-Medarde & Santos, 2011). In
different oncogenes, mutations lead to carcinoma of different types. For instance, the KRAS
oncogene mutation is found in lung, pancreatic and bowel cancer (Rodenhuis, 1992), whereas
acute myelogenous leukaemia and myelodysplastic syndrome have NRAS mutations (Beaupre
& Kurzrock, 1999). Additionally, the BRAF gene is an example of a proto-oncogene that
activated in 14% of liver carcinomas, 18% of bowel cancers and 59% of melanomas (Davies
et al., 2002; Solit et al., 2006; Bagci & Kurtgöz, 2015).
Abnormalities and mutations in hereditary material are generated by agents that damage
DNA, influencing the formation of cancer. The translocation of chromosomes is one genetic
abnormality that has been linked to certain cancer types, such as chronic myeloid leukaemia
(CML) arising from a mutual translocation between chromosomes 9 and 22. This is also
called Philadelphia translocation (Stratton et al., 2009b). Chromosomal translocation can
produce a mutation in the EWSR1 gene that causes it to become an oncogene, leading to
Ewing sarcoma in children (Slotkin et al., 2016). Chromosome instability (CIN) can also play
a role in suppression or promoting of tumour progression (Pfau & Amon, 2012).
1.2.3 Genome stability genes

Genome stability genes play a role in correcting/repairing DNA errors, maintaining genetic
modifications and segregating chromosomes. However, genetic changes or alterations in these
genes have been shown to initiate tumours in the body (Negrini et al., 2010). For example,
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the NBS1 gene is required to repair DNA double-strand breaks (DSBs)(Sharma et al., 2015)
and mutation of NBS1 is associated with Nijmegen breakage syndrome (NBS), a congenital
disorder (Tauchi, 2000). Furthermore, overexpression of NBS1 is linked to liver cancer (Wang
et al., 2014), oesophageal carcinoma (Kuo et al., 2012) and prostate cancer (Berlin et al.,
2014). Moreover, BRCA1 and BRCA2 tumour suppressor genes sustain genome stability and
DNA repair, and their inactivation is linked to ovarian and breast cancer; mutation of these
genes serves as a risk indicator (Yoshida & Miki, 2004; Trego et al., 2016). A reduction in the
function of the mouse double minute 2 (MDM2) homolog which encodes protein in humans
through the MDM2 gene, has been linked to inhibiting DSB DNA repair. The overexpression
of the MDM2 gene in certain cancer types has been found to be an oncogenic factor, while in
other tumours, MDM2 is down regulated. This suggests that the behaviour of the MDM2 gene
is similar to oncogenes and tumour suppressor genes, which depend on the relevant cellular
setting (Maluszek, 2015).
1.3 Tumour-Associated Antigens (TAAs)
Tumour markers consist of an array of different biomacromolecules produced in excess
concentration by a wide variety of neoplastic cells. These markers are either endogenous
product of highly active metabolic tumour cells, the products of newly active genes that
normally remain inactive or newly acquired antigens (e.g. formed by mutation) at cellular and
sub-cellular levels. The antigens produced by tumour cells indicate the presence of a tumour
and might be present on the surface of the tumour cells, within the tumour cells, in bodily
fluids, within the lymph nodes or inside the bone marrow.
Most of these antigens are proteins, some are novel genes and a few are RNAs, such as
messenger RNA (mRNA) or microRNAs. Some markers are specific to the cancer type, while
others are non-specific and found in many different types of tumours. Example of commonly
used tumour markers are the Her2/neu-antigen found only in breast cancers, PSA, found only
in prostate cancers and the BCR-ABL translocation responsible for the Philadelphia
chromosome found in CML (for review, see Duffy, 2013).
Tumour markers or antigens have wide applications to disease prognosis, management and
prevention. They are commonly used for screening and identification of malignant tumours,
in the diagnosis of asymptomatic cancers, as prognostic indicators in some cancer types and
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in determining the effectiveness of cancer therapy (for review, see Malati, 2007). Tumour
antigens are classified into the following main categories:
•

Viral antigens: these antigens are produced in cells infected by a virus. For example,
cervical cancer is caused by the human papillomavirus (HPV) (Mirkovic, 2015).

•

Differentiation antigens: these antigens are expressed in both normal and malignant
cells. The antigens gp100, Melan-A/MART, TRP-1 and TRP-2 are all observed in
melanoma (Roy, 2015).

•

Overexpressed antigens: some antigens, such as PSA and epidermal growth factor
receptor (EGFR), are overexpressed in the prostate and the breast, respectively
(Apostolopoulos, 2015).

•

Cancer testis antigens (CTAs): this family of genes is expressed only in human germ
cells and malignant tumours (Gjerstorff, 2015).

•

Neo antigens: generated by mutation of a pre-existing gene.

Cancer specific antigens that can serve as targets/biomarkers, called tumour-associated
antigens (TAAs), are thought to be a necessary part of immunotherapy and other therapies
targeting cancer. They are also useful in cancer diagnosis and prognosis (Luborsky, 2001).
The antigens present on the surface of the cancer cells are usually targeted by the immune
system. However, several antigens can be present in small amounts on somatic cells, and thus
are not cancer specific. TAAs trigger the immune system via a single epitope generation that
the immune system recognises, which leads to the destruction of cancer cells (Krishnadas et
al., 2013). While TAAs may be used for cancer immunotherapy, they must possess essential
features, including status as CD8+ cytotoxic T cells (CTLs) target, a consistent presence in
most tumours, and, in the cancer cells.
For many decades, human tumour antigens have been studied as potential immunotherapeutic
targets, either for cancer vaccines or for therapy. For a tumour antigen to become a potential
immunotherapeutic target there must either be high restriction in the expression of the antigen
or it should be devoid of expression in the normal tissue so as to prevent autoimmunity. Over
the years, many categories of antigens have been found to fulfil this requirement, including
differentiation antigens (for example, in B-cell lymphoma, CD20), viral antigens (in cervical
cancer, human papillomavirus antigens), and uniquely mutated antigens. In more recent times,
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a new category known as CTAs has emerged with the potential to be cancer immunotherapy
antigen targets (Lajmi et al., 2015; Maxfield et al., 2015; Wang et al., 2016b).
1.3.1 Cancer testis antigen genes

CTAs are a group of proteins encoded by genes whose expression remains silent in normal
somatic tissue and whose expression is restricted to tissues of the testis. These genes are
generally found to be expressed in a large number of tumour cells and stem-like cells
(Whitehurst, 2014; Yang et al., 2015). The term ‘cancer testis antigen genes’ was first used by
Chen et al. (1997); they are also known as cancer germline antigen genes. This is a broad and
diverse family of cancer antigens named because of their unique expression pattern. Cancer
testis antigens (CTAs) are seen in many cancers, but are otherwise expressed only in germ
cells of the testis (Yang, 2015). CTAs do not show expression in any other normal tissue.
They have variable expression levels for different cancer types. For example, CTAs are
strongly expressed in malignant tumours, such as bladder, liver, melanoma and non-small cell
lung carcinomas, as well as certain types of sarcomas and multiple myelomas (Scanlan,
2004).
These antigens are moderately expressed in malignant prostate and breast cancers and are
weakly expressed in colon cancers, kidney cancers, and haematological malignancies (Lin ,
2014) and (Sammut, 2014). The testis has an immune privilege thanks to the existence of the
blood-testis barrier and lack of human leukocyte antibody (HLA) class I expression. This
means that the immune system does not come into contact with these cancer testis antigens
and thus, has no self-recognition. Due to the specific expression pattern of CTAs, they can be
used for immunotherapy, diagnosis and treatment of cancers. They have even been used for
the development of CTA-based vaccine therapy (Feichtinger, 2012). More than 100 CTA
families have been identified and divided into two classes (Almeida, 2009):
Testis and/or CNS restrictive: Gene expression is restricted to the testis and some CNS tissue
and cancer tissue.
Testis and/or CNS selective: Gene expression is found in the testis and CNS as well as one or
more normal tissues and in cancers.
The normal function of several CT genes, including Spo11, in spermatogenesis, is the
generation of double-strand breaks (Kalejs, 2006).
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In a variety of cancers, CT antigens are suspected to play an important role in maintaining cell
survival, promoting resistance to various forms of chemo- and radio-therapy and contributing
to oncogenesis by downregulating p53 and p21 tumour suppressor genes (Kular, 2009;
Nylund, 2012; Zeng, 2011; Cilensek, 2002; Duan, 2003; Zhu, 2008; Caballero, 2009).
It is hypothesized that CTAs are regulated by means of epigenetic mechanisms such as
histone post-translational modifications and DNA methylation (Videtic & Hudler, 2015). It is
demethylation that activates CTA during spermatogenesis. Numerous CTAs are targeted by
humoral and cell-mediated immune reactions. The best example of this is the NY-ESO-1
antigen, which is positive in a majority of malignant cancers. A number of clinical trials
which use CTAs specifically NY-ESO-1 and MAGE-A3 for vaccinating patients with
melanoma, prostate, ovarian and lung cancers are underway (Whitehurst, 2014, ). CTA genes
represent potential targets for immunotherapy because they may play an important role in
carcinogenesis and contribute to treatment resistance by malignant tumors (Litvinov, 2014).
In 1991, the first CTA gene family member, known as melanoma antigen-1 (MAGE-A1), was
discovered in melanoma patients with the help of the T-cell epitope cloning technique (van
der Bruggen et al., 1991). In the following years, using the same techniques, other CTA genes
like MAGE-A2, MAGE-A3 and GAGE-1 were discovered and identified (Gaugler et al., 1994;
De Backer et al., 1999; Chomez et al., 2001). The SEREX (serological analysis of
recombinant cDNA expression libraries) technique was also used to discover further CTA
genes. This system allows for the screening and identification of human tumours and the
analysis of the immune response to the tumour-affected antigens. The same can be done with
the help of autologous sera taken from cancer-affected patients (Sahin et al., 1997). This
method has helped in classifying different types of CTA genes, including NY-ESO-1 (Chen et
al., 1997), SSX and SCP1 (Tureci et al., 1998). Bioinformatics can help identify relevant
meiosis-specific CT antigen genes (meiCT) (Feichtinger et al., 2012; Sammut et al., 2014).
Moreover, cooperative schemes like The Cancer Genome Atlas (TCGA) have been used to
identify hundreds of CTA genes extracted from a large number of cancer patients (Kandoth et
al., 2013; Vogelstein et al., 2013; Lawrence et al., 2014; Wang et al., 2016).
1.3.2 CTA gene classification

Multiple advanced strategies have identified more than 70 CTA gene families (Fratta et al.,
2011). These can be classified into two types, X-CTA and non-X-CTA genes (Simpson et al.,
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2005). X-CTA genes are localised on the X chromosome, making up around 10% of its total
gene configuration, and they are organised in well-defined clusters. X-CTA genes include
MAGE-A, MAGE-8, XAGE-2, MAGE-A3 and NY-ESO-1 (Simpson et al., 2005; Stevenson et
al., 2007; Caballero & Chen, 2009). Non-X-CTA genes are localised in the autosomal
chromosomes. Non-X-CTA genes are generally present in single copies, unlike the
paralogous cluster form found with X-CTA genes (Simpson et al., 2005). SCP-1 and
HORMD1 are examples of non-X-CTA genes (Tureci et al., 1998; Chen et al., 2005). The
different position of these two types of genes suggests that they perform different functions
(Caballero & Chen, 2009). CTA genes have been subdivided into four major groups
depending on the expression profile found in normal and malignant tissues:
i.

Testis-restricted CTA genes exhibit highly restricted expressions in cancers, adult
testis and the placenta. Meiosis cohesin genes tested, RAD21L and SMC1beta,
exhibited a tight testis-specific expression profile (Hofmann et al., 2008).

ii.

Testis- central nervous system (CNS) restricted genes show expression in cancers, the
testis and the central nervous system of adult patients. These were the meiotic
recombination hotspot activator genes such as PRDM9, TSSK1, SYCP1(Hofmann et
al., 2008).

iii.

Testis selective genes show expression in cancers and the adult testis; however the
expression is round in up to two normal somatic tissues also. TEX19, exhibited a
testis-selective expression profile as it was expressed in the testis and the thymus
(Hofmann et al., 2008).

iv.

CNS selective genes show expression in CNS tissues, adult testis and cancers and
expression is found in up to two other normal somatic tissues (Hofmann et al., 2008).

1.3.3 CTA gene functions

There is a lack of clarity regarding the role and function of some of the identified CTA genes.
Different studies have highlighted the possible functions of these genes in tumorigenesis
(Caballero & Chen, 2009; Fratta et al., 2011; Sulek et al., 2016). It has been identified that
CT genes contribute to the cellular processes in the germ line (Cronwright et al., 2005; Gedye
et al., 2009), including their functional role in normal tissues and cell division (Jungbluth et
al., 2005). For instance, synaptonemal complex protein 1 (SYCP1) initiates chromosome
synapses during meiosis 1, and meiotic crossover formation and SYCP1 deletion result in
sterility (Tureci et al., 1998; de Vries et al., 2005; Schramm et al., 2011). Meanwhile,
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RAD21L and SMC1β generally assist in the regulation of meiotic recombination and meiotic
sister chromatid cohesion (Ishiguro et al., 2011; Lee & Hirano, 2011; Ward et al., 2016), but
are reported as CTA genes (Feichtinger et al., 2012).
SPO11, another CTA gene, encodes a meiosis-specific protein with the ability to create
meiosis-specific DNA double-strand breaks that initiate meiotic homologue recombination
(Yamada & Ohta, 2013) (see section 1.5). The MAGE group of proteins can regulate the
ubiquitination of proteins, and their abnormal production in cancer cells results in an altering
of the signalling pathway and cellular progression through the process of ubiquitination
(Weon & Potts, 2015). Additionally, MAGE-A1 controls cellular signalling pathways
(Ghafouri-Fard & Modarressi, 2009). Furthermore, it has been found that, with the aid of
other CTAs such as the transcription factor BORIS, which has an essential role in the
regulation of the promoter methylation process via spermatogenesis during meiosis II of male
germline cells (Klenova et al., 2002), the expression of the MAGE gene group can also be
regulated (Vatolin et al., 2005; Schwarzenbach et al., 2014). The depletion of MAGE-A
expression stimulates the recruitment of tumour suppressors such as P53 to target promoters
(Marcar et al., 2010a).
Oncogenesis is caused by a variety of factors, and recent research has demonstrated that
cancer cells share some characteristics with germ cells (McFarlane, 2014; Feichtinger, 2014).
For example; germ line genes have been shown to be important for tumour development in
Drosophila melanogaster. The activation of the same pattern of germ line genes occurs in
human tumours, indicating that germ line genes are oncogenic (Feichtinger et al., 2014). CT
genes are thought to be a main cohort of the germ line group. CT protein functions are poorly
understood in the testis, whereas some roles in oncogenic processes have been verified
(Gjerstorff et al., 2015; Whitehurst, 2014).
CT genes are being studied by researchers due to their potential role in immunotherapy; these
genes carry cancer-specific antigens (Gjerstorff, 2015). A recent study demonstrates that
gene-encoding factors regulating meiotic chromosomes have functions controlling oncogenic
genome dynamics; for example, REC8 meiosis’ specific cohesion function in oncogenics
drives ploidy changes and reductional chromosome segregation in mitotically proliferating
cells (Folco et al., 2017; Erenpreisa et al., 2009). In addition, SYCP3, the meiotic
synaptonemal complex protein, has been detected to disrupt recombination-mediated repair
11
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and initiate ploidy changes in cancer cells (Hosoya et al., 2011). The inter-homologue
recombination regulator HOP2-MND1 has been demonstrated to be essential for oncogenic
alternative lengthening of telomeres via an inter-non-homologue break-induced replication
(BIR)-mediated pathway (Cho et al., 2014). Moreover, certain CTA genes, like PIWIL2, help
in cell proliferation and act as proto-oncogenes (Cheng et al., 2011). In human melanoma, the
up regulation of the CTA gene CAGE helps to stimulate the apoptotic evasion that allows the
tumour to develop (Kim et al., 2010).
Correspondingly, the up regulate expression of TSGA10 disturbs the hypoxia-inducible factor
(HIF)-1α and drives the development of angiogenesis (Mansouri et al., 2016). The expression
of CTA genes is mainly found in germ cells, and they are found in a range of cancer cell
categories based on their histological features. These genes may have a postulated function in
cancer cells that are used as valuable biomarkers and drug targets.
1.3.4 CTA gene expression

Before the process of spermatogenesis begins, the expression of X-CTA genes occurs in the
spermatogonia cells present in the testis of male humans. However, the expressions of X-CTA
genes have also been noticed in placenta cells. The expression of non-X-CTA genes is also
seen in the last phase of germ cell differentiation (Simpson et al., 2005; Stevenson et al.,
2007). In line with these studies, the expression of CTA genes is not found in somatic tissues.
The assessment of mRNA for numerous CTA genes has elucidated their limited expression in
non-germ line tissues such as those of the liver, pancreas and spleen. However, these genes
are also classified as CTA genes, considering that their expression level is lower than 1% in
comparison to the expression level found in normal testes (Caballero & Chen, 2009).
Experiments have shown that CTA genes are co-expressed in the same positive tumour and
that this behaviour increases in the later developmental stages of the tumour (Caballero &
Chen, 2009). Studies on CTAs have demonstrated that genes like DKKL, PLU-1 and
MAGEA3 are overexpressed in colorectal cancer cells and induce disease progression
(Tarnowski et al., 2016). With the help of immunohistochemistry, it has been found that CTA
genes are regularly expressed in foetal ovarian tissues (Nelson et al., 2007).
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1.3.5 The Function of Cancer Testis/Antigens in Normal and Malignant Tumour

CTAs play an important role in cancer immunology because they have the potential to
contribute to the development of high-specificity tests (Jungbluth et al., 2005). Binding
specificity is particularly relevant to cancer pharmaceutical development because it is
necessary for drug targets to have sustained interactions to enable the immune system to
target tumour cells for destruction (Jungbluth et al., 2005). There is a need to better
characterise the role of human cancer testis/antigens (CTAs) in germ tissue and tumour cells
because their expression mechanism is not well elucidated, although researchers have
providing increasing evidence of their role in tumour formation (Jungbluth et al., 2005).
Studying the role of CTAs in cell division in normal cells is a technique that researchers are
utilising to gain a better understanding of CTA genes (Cronwright et al., 2005; Gedye et al.,
2009). For example, SPO11 is vital to the formation of DNA double-strand breaks.
In order to initiate meiotic homologous recombination, the synaptonemal complex protein 1
initiates chromosome synapsis during meiosis 1 (Schramm et al., 2011; Tureci et al., 1998;
Yamada & Ohta, 2013). Likewise, BORIS plays an essential role in regulating the promoter
methylation process via spermatogenesis during meiosis II of male germline cells (Klenova et
al., 2002). During oncogenesis, the germline genes are influential in tumour development
(Janic et al., 2010). For example, germ line genes have been shown to be essential in the
development of brain tumours in Drosophila melanogaster (Janic et al., 2010; Sumiyoshi et
al., 2016).
The activation of the same pattern of germline genes occurs in human tumours, suggesting
that certain human germ line genes or modifications of these genes are oncogenic (Feichtinger
et al., 2014). CTA genes are considered to be a major cohort of this germ line group.
Although the functions of CT proteins are poorly understood in the testis, some involvement
in the oncogenic process has been demonstrated (Gjerstorff et al., 2015; Whitehurst, 2014).
The role of the CTA genes during normal development may contribute to the tumourigenic
effect that they have on cancer cells. There is limited evidence regarding the function of CTA
genes in cancer cells, although it has been hypothesised that they contribute to cell growth,
transcriptional regulation, putative proto-oncogenes and genetic instability (Cheng et al.,
2011; Scanlan et al., 2002). CTAs may also be significantly involved in the control of
complex genes and the activation of abnormal genes during cancer progression (Mirandola et
13
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al., 2011; Scanlan et al., 2004; Whitehurst, 2014). Cancer progression is thought to be due to
soma-to-germline transformation (Feichtinger et al., 2014; McFarlane et al., 2014).
Since genomic instability is a primary contributory factor to cancer development, the aberrant
expression of CTA genes may be due to the dysfunction of proteins that are typically
necessary for human development (Lindsey et al., 2013). This relationship may arise owing to
conflict between the meiotic germ cell pathways and the normal mitotic cell cycle. In human
somatic cells, shortening of the ends of linear chromosomes (telomeres) after each round of
DNA replication, regulates and limits cell growth through multiple mechanisms, such as
induction of P53 and checkpoints in response to DNA damag

(Harley et al., 1990).

Therefore, the alteration of normal human cells to cancerous ones requires maintenance of
their telomeres through a fundamental mechanism, known as alternative lengthening of
telomeres (ALT) (Henson et al., 2002). The activity of ALT is dependent on several meiotic
genes, such as HOP2-MND1, which are thought to be involved in the formation of intratelomeric homologous recombination. Interestingly, these genes are considered a potential
tool in cancer diagnosis and therapy owing to the significant role played by ALT in cancer
cells (Cho et al., 2014; Cesare & Reddel, 2010).

1.4 SPO11
1.4.1 SPO11 function

SPO11 protein referred to as the initiator of meiotic double stranded breaks, is a necessary
component of proper meiotic cell division (Keeney, 2008). Human Spo11 is located near the
telomere of chromosome 20 at 20q13.31,which is a region that is amplified in certain breast
and ovarian cancers. Chromosome 20 is known to amplify in breast cancer and associated
with genomic instability in some tumour cell lines, which triggered an interest in the
discovery of SPO11’s mechanism in cancer (Nitiss, 2009). In addition, in the human cancer
predisposition syndrome, Bloom’s syndrome, one of the deﬁning cytological features of cells
is the high rate of sister chromatid exchange, which could be a consequence of errors in the
double-strand break machinery, of which Spo11 is an essential component ((Wang, 2002).
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According to annotation information reported by the United States National Centre for
Biotechnology Information (NCBI), the gene has 15 exons and two major isoforms, referred
to as SPO11α and SPO11β. SPO11α is a variant that skips exon 2, while SPO11β contains all
15 exons (Bellani et al., 2010). It is hypothesised that there are several additional variants of
SPO11 present, but only two of them have been fully annotated. The protein that is encoded
by the gene is a member of the TOP6A protein family (Hartung & Puchta, 2001).
SPO11 is involved in the meiotic recombination and chromosome segregation processes
associated with DNA replication and cellular division. It initiates programmed meiotic DSBs
Furthermore, this protein is necessary for the regulation of meiotic DNA replication, although
the specific mechanisms that direct this practice are not currently well defined (Boateng et al.,
2013; Cha et al., 2000). The deletion of SPO11 from S. cerevisiae has an adverse effect on the
formation of mature recombination products, including Holliday junction formation (Keeney,
2001). Both of these processes involve the creation of double-strand breaks (DSBs) in the
DNA of paired chromosomes.
Since SPO11 is necessary for cell division, it is well-conserved and has homologous forms in
non-human organisms. For instance, in yeast, protein encoded by this gene is responsible for
the formation of these DSBs. It accomplishes this by binding to the 5’ end of the DSB and
interacting with other proteins (NCBI). All eukaryotic SPO11 genes are similar in terms of
their nucleotide sequence as well as the role of the Spo11 protein in supporting the formation
of DSBs as a part of meiotic cell division. An additional suspected role of SPO11 is related to
its ability to slow down the S phase of the cell cycle in a manner that is independent of its
participation in the formation of DSBs (Loidl, 2013). Furthermore, SPO11 may play a role in
the alignment of chromosomes during meiotic events. Researchers are interested in
characterising the effects that SPO11 has on the cell cycle as well as cell division because this
gene has many suspected roles. While there is genetic conservation and homology between
SPO11 sequences in different organisms, some organisms do not require SPO11 to create
DSBs in the DNA during meiosis.
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As a part of this process, synaptonemal complexes associations with SPO11 for the creation
of DSBs form. When the SPO11 gene is deleted from yeast cells, these synaptonemal
complexes do not form (Bhuiyan & Schmekel, 2004). In some organisms, the creation of
these complexes is independent of the formation of events related to meiotic recombination.
As such, they do not require SPO11 for meiosis. For instance, Drosophila melanogaster and
Caenorhabditis elegans are able to form synaptonemal complexes when SPO11 is deleted.
Thus, while there is a high level of sequence conservation between SPO11 genes in different
organisms, some organisms do not require SPO11 to complete meiotic recombination to the
same extent as others. Features of the gene in different organisms may therefore be variable.
In mice, infertility is observed when SPO11 is dysfunctional (Romanienko & Camerini-Otero,
2000). Similarly, the homozygous null mutation of Spo11 contributes to the arrest of meiotic
division mid-prophase I (Romanienko & Camerini-Otero, 2000). In several model organisms,
including S. pombe, Drosophila, Caenorhabditis elegans and Coprinus cinereus, the loss of
Spo11 function results in the production of defective gametes, ultimately indicating the failure
of the meiotic process (Celerin et al., 2000; Cervantes et al., 2000). Thus, Spo11 protein is
necessary for accurate gamete formation. Spo11 has been found to be present in all sequenced
eukaryotic genomes, and the Spo11 sequence is highly conserved across different species.
This suggests the mechanism of the initiation of recombination through the formation of
DSBs is highly conserved. Spo11 function has been shown in S. pombe (Rec12), S. cerevisiae
(SPO11), nematodes (Spo11), Drosophila (MEI-W68), mice (Spo11) and humans (SPO11)
(Hartung et al., 2007). SPO11 homologs have also been identified in plants, such as
Arabidopsis thaliana, but in a genetically more complex arrangement than in many other
organisms.
A. thaliana has three Spo11 genes, two of which (Spo11-1 and Spo11-2) are expressed during
meiosis and are essential for meiotic recombination to occur (Hartung et al., 2007). A
comparison of the predicted SPO11 proteins from mouse and human subjects revealed an
overall amino acid identity of 82% between common portions. The human protein is 396
amino acids long and contains an additional stretch of 38 amino acids near the N-terminus
that is not present in mouse Spo11 (Boateng et al., 2013). Mammalian proteins share a 25%
identity with other members of the SPO11 family (Boateng et al., 2013).
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Although the two mammalian proteins share only a 20–30% identity with other members of
the SPO11 family, there are three regions of a higher homology present within the related
proteins (Boateng et al., 2013). One region contains a catalytic tyrosine that is present in all
functional homologs (Bergerat et al., 1994). A second region shares a homology with the
topoisomerase-primase (Toprim) domain common to topoisomerase VIA (TopoVIA), which
may participate in cleavage and/or rejoining reactions by coordinating magnesium ions.
A third region of a higher homology is located near the C-terminal end of SPO11, but it is not
similar to any previously described motif and it has no known function (Boateng et al.,
2013). In S. cerevisiae, the SPO11 gene has no introns, whereas in mice, it spans 13 exons
and can generate two major Spo11 isoforms through alternative splicing (Romanienko &
Camerini-Otero, 2000). Mouse Spo11 is localised to chromosome 2H4 and human SPO11 to
chromosome 20q13.2-q13.3. The longer transcript, including all 13 exons, is translated into
the SPO11β isoform (44.5 kDa), while skipping exon 2 generates a 12-exon transcript that is
translated into the SPO11α isoform (40.3 kDa) (Bergerat et al., 1997). Both transcripts have
the catalytic tyrosine, which is encoded by exon-5 (Bergerat et al., 1997).
The alternative splicing that gives rise to two isoforms in mice also takes places in humans
(Boateng et al., 2013). The additional 38 amino acids in the N terminus of SPO11β are
involved in the binding of the heterodimer subunits of SPO11 (Corbett et al., 2007; Graille et
al., 2008). An analysis of mice producing only SPO11β showed that this isoform is proficient
in meiotic DSB formation, suggesting the role of SPO11β in generating the breaks that initiate
meiotic recombination in early spermatocytes (Kauppi et al., 2011) (Figure 1.2).
These observations are consistent with the patterns of SPO11β, which peaks in early
prophase, while DSBs are made at the leptoneme and zygoneme stages (Bellani et al., 2010).
SPO11β transcripts reach maximum levels in early spermatocytes and remain relatively
constant throughout prophase. In male mice, SPO11α transcripts become prevalent in
pachytene spermatocytes and peak in diplotene spermatocytes over a period of nine days
(Bellani et al., 2010). In females, on the other hand, SPO11α transcripts peak in zygoneme
and decline as prophase I progresses, over a period of three days (Bellani et al., 2010).
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The fact that SPO11α transcripts are the prevalent from at the beginning of prophase I in
females but not until mid-prophase I in males could be related to the difference in the lengths
of prophase I in male and female meiocytes (Bellani et al., 2010). Spermatocytes in a testis
take 12 days to complete prophase, eight of which are spent in the pachynema stage (Bellani
et al., 2010).
Oocytes, on the other hand, undergo prophase in five days, spending about a day in each
prophase substage and a day in the arrested diplotene stage, dictyate (Bellani et al., 2010).
This suggests SPO11α has a role in mid- to late prophase I that is conserved in male and
female meiocytes (Bellani et al., 2010).

Figure 1.2: Genomic organisation, splicing pattern and polypeptides of mouse Spo11. (A) The
SPO11α transcript does not contain exon 2, while the SPO11β transcript includes exon 2. (B) The
polypeptides of SPO11α and SPO11β. The black square indicates the part encoded by exon 2. Y refers
to the catalytic tyrosine encoded within exon 5 (Adapted from Boateng et al., 2013).
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Mammalian SPO11genes were found expressed at high levels only in the testes, while the
mouse Spo11 transcript is restricted primarily to meiotic germ cells and is maximally
expressed at mid-pachynema. Surprisingly, it is observed in certain asexual species too, which
leads to speculation that it may have additional functions that differ from meiotic
recombination. In addition, this could be involved in chromosome paring or the pre-meiosis
S-phase (Cha et al., 2000; Boateng et al., 2013; Loidl, 2013).
The mouse isoforms were presented due to a lack of available gene expression information for
the human variant of Spo11. Genetic studies in model organisms have been responsible for
the knowledge that scientists currently have regarding the functionality of SPO11 and its role
in the formation of meiotic DSB formation. Studies of SPO11 functionality in several
organisms have demonstrated that in S. cerevisiae, S. pombe, and M. musculus, the Spo11
protein becomes associated with the 5’ end of broken DNA, which prompts topoisomerase
functionality (Yeh et al., 2017). Furthermore, when mutations to SPO11 are made in these
organisms, this function is disrupted, and meiotic recombination may be prevented. In some
organisms that use SPO11 to stabilise recombination structures, Topo VIB-like subunits are
implicated in this process. These subunits have been detected in plant and animal cells,
demonstrating the prevalence of the SPO11 protein among different kingdoms.
To characterise the physiological role of SPO11, researchers have identified the genes that
interact with SPO11 during typical cellular activities. In particular, Ataxia-telangictasia
mutated Ataxia-telangictasia mutated (ATM) kinase is a protein associated with SPO11
because ATM is responsible for regulating the formation of DSBs through its control over the
protein (Loidl, 2013; Lange et al., 2011). Lange et al. (2011) suggested that in budding yeast
and in mammals, DSBs might be responsible for activating ATM, which contributes to a
negative feedback loop that regulates SPO11 activity (Loidl, 2013). The negative feedback
loop contributes to the phosphorylation of either SPO11 or its accessory proteins, and this
level of control determines the number of DSBs that can be generated by SPO11 (Lange et
al., 2016; Garcia et al., 2015).
In S. cerevisiae, the Ski8 protein is an observed component of this process, and it serves as a
direct partner of SPO11, because both proteins are associated with meiotic chromosomes. It is
thought that Ski8 plays a critical role along with SPO11 in the formation of DSBs.
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In addition, the localisation of Ski8 in the cytoplasm or in the nucleus affects how it interacts
with SPO11 (Keeney & Neale, 2006). In the absence of SPO11 or Ski8, SCs are not formed,
and the recognition of homologous chromosomes is minimised (Keeney & Neale, 2006).
Recently, Robert et al. (2016) and Vrielynck et al. (2016) reported that the SPO11 protein has
a partner known as the TopoVIB-like (TopoVIBL) protein, which is required for meiotic
DSBs formation. This protein is present in both plants and animals, and it plays a role in
generating meiotic DSBs (Robert et al., 2016). In mice, TopoVIBL is associated with
TopoVIA, which corresponds to the Spo11 splice variant β (Spo11β). It is hypothesised that
Spo11β is responsible for the initiation of meiotic DSBs, due to the formation of a complex
between Spo11β and TopoVIBL (Robert et al., 2016; Vrielynck et al., 2016). The SPO11
genes are present in fungi and plants as well. SPO11 sequence is well-conserved in plants,
fungi and humans. The strength of the conservation could be attributed to the need for these
three types of organisms to undergo meiotic division.
Furthermore, these species are able to use sexual reproduction to create offspring (Sprink &
Hartung, 2014). The presence of the SPO11 gene in plants, fungi, and animals demonstrates
the importance of this gene to reproductive processes. Since SPO11 allows for reproductive
success in these organisms, it is well-conserved in terms of its sequence as well as its
function. Overall, SPO11 is genetically and functionally conserved across animal, plant and
fungal species. Some organisms have evolved adaptations that allow them to form
synaptonemal complexes in the absence of Spo11, but most organisms rely on the presence of
Spo11 for the formation of stable DSBs. A majority of the information that has been collected
regarding the mechanism of Spo11 was due to experiments performed in biological models,
which means that knowledge about the role of SPO11 in humans is not yet fully understood.
The high rate of conservation of SPO11 among organisms demonstrates that Spo11 plays an
important role in reproductive success, due to the prevalence of this gene in many modern
organisms.
1.4.2 DNA Topoisomerases and Spo11

Topoisomerases are essential for survival as they solve the topological problems (tangles and
knots) inherent to chromosome metabolism by regulating the number of superhelical turns, or
coils in a DNA molecule (Seoul & Neuman, 2016). They can be divided into two families
depending on how many strands of DNA they are capable of breaking. Type I topoisomerase
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catalyze single-strand break reactions while type II topoisomerases catalyze DSB reactions
(Seoul & Neuman, 2016). Type II DNA topoisomerases are ubiquitous proteins that catalyze
the ATP-dependent transport of one DNA duplex through another (Seoul & Neuman, 2016).
All type II topoisomerases introduce both negative and positive supercoils into DNA
molecules through the same mechanism. First, they cleave the phosphodiester backbone of the
substrate DNA duplex. The topoisomerase then captures a second DNA duplex and passes the
unbroken DNA through the break to repair the broken DNA and produce an intact molecule.
These reactions are carried out in the presence of ATP, which is hydrolyzed to generate the
energy consumed in the reaction (James & Wang 2002). Topoisomerase VI belongs to the IIB
family of topoisomerases and its activity promotes relaxation of negative and positive
supercoiled DNA and DNA decatenation through cleavage and ligation cycles (Gadelle et al.,
2014). Structurally, Topoisomerase VI is composed of two subunits (A and B) that form a
heterotetramer (Corbett et al., 2007; Graille et al., 2008).
Subunit A (TopoVIA) is the catalytic core of the enzyme as it carries the catalytically active
tyrosine residues. Subunit B (TopoVIB) is dedicated to ATP hydrolysis. It contains an
adenosine triphosphate (ATP) binding domain and a transducer domain that communicates
with the ATP binding site and interacts with TopoVIA (Corbett et al., 2007; Graille et al.,
2008). DNA cleavage by TopoVI requires both subunits and ATP binding (Korbett, 2003)
(Figure 1.3).
Structural studies of Topoisomerase VI have shown that it is related to the type IIA
topoisomerases (Corbett, 2003). Topoisomerase VI carries out the same functions as type IIA
topoisomerases and even shares several functional domains (Boateng et al., 2013). The
TopoVIB subunit is equivalent to the ATPase domain of type II topoisomerases, both
structurally and functionally (Corbett, 2003). The TopoVIA catalytic subunit shares some
functional domains with the topoisomerase IIA family, but is also structurally homologous to
Spo11. Topoisomerases are responsible for catalysing the breakage of DNA strands and
relevant repair reactions to rectify replication errors that occur during cell division (Vrielynck
et al., 2016). Some roles of topoisomerases in the DNA repair process include relaxing
supercoiled DNA, supercoiling DNA and linking or unlinking single- and double-stranded
DNA molecules (Vrielynck et al., 2016).
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The mechanism of action in topoisomerases occurs when a tyrosine residue encounters a
phosphorus molecule in the DNA, thereby generating a tyrosyl phosphodiester link to the
DNA and cutting the backbone of the DNA (Vrielynck et al., 2016). This allows other DNA
strands to pass (Vrielynck et al., 2016). SPO11 plays a similar role as topoisomerases, but it
remains covalently associated with the DNA after break formation (Vrielynck et al., 2016).
Studies on S. cerevisiae strongly suggest that meiotic recombination is initiated by the
formation of DSBs and that this process is mediated by the SPO11 protein (Keeney et al.,
1997; Keeney, 2001). SPO11was purified from DNA-protein complexes in mutant yeast
strains

where

DSBs

were

initiated

but

not

resected.

Furthermore,

chromatin

immunoprecipitation (ChIP) assay experiments showed that SPO11 binds to chromatin in S.
cerevisiae. These experiments also indicated that SPO11 is selectively associated with DNA
hotspots, where DSBs occur more frequently. In the absence of SPO11, yeast does not form
neither meiotic DSBs, nor does it form Holliday junctions or mature recombination products
(Keeney, 2001).
Furthermore, without SPO11, homologous chromosomes in S. cerevisiae do not synapse
(Keeney, 2001). Conversely, targeting of SPO11 to a specific DNA region in yeast (by virtue
of its fusion with a DNA-binding domain) is sufficient to increase the amount of meiotic
recombination that takes place at that site (Pecina et al., 2002).
In mice, a disruption of SPO11 leads to male and female infertility (Baudat et al., 2000;
Romanienko & Camerini-Otero, 2000). SPO11-deﬁcient mice spermatocytes are unable to
generate DSBs or a synaptonemal complex; their homologous chromosomes fail to recombine
and synapse, and even though some recombination between non-homologous chromosomes
takes place, spermatocytes undergo massive apoptosis in mid-prophase I (Bellani et al.,
2010). Some oocytes were able to progress through meiosis, but these were eliminated within
the first few postnatal days (Romanienko & Camerini-Otero, 2000; Baudat et al., 2000).
Furthermore, a point mutation in the mouse SPO11 gene that results in the replacement of the
catalytic Tyr138 with Phe leads to the absence of detectable meiotic DSBs in oocytes and
spermatocytes (Carofiglio et al., 2013). SPO11 expression patterns in humans, mice and fungi
are consistent with its role in meiosis (Romanienko, 2000).
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Figure 1.3: (A) Overview of double-strand break formation by type II topoisomerases (Source:
Korbett, 2003). Each half of the topoisomerase cleaves one strand of DNA at the phosphodiester
backbone. After cleavage, the two ends are separated (to allow the passage of the second DNA duplex)
and then religated. (B) The structural organisation of type II topoisomerases, topoisomerase VI and
SPO11. Type IIA topoisomerases are assembled as homodimers, each containing an ATPase domain
(yellow), two helix-turn-helix CAP domains responsible for DNA binding and cleavage (green) and a
metal-binding topoisomerase-primase (Toprim) domain (all type II topoisomerases require metal for
full activity) (red). TopoVI is assembled as a heterotetramer and shares the three major domains
present in type IIA topoisomerases, but not the organisation. SPO11 is homologous to the TopoVIA
subunit of TopoVI.
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1.4.3 Bloom’s Syndrome and Topoisomerases

Bloom syndrome is a hereditary disorder characterised by immunodeficiency, proportional
dwarfism, male infertility, light sensitivity and high incidence of different kinds of cancer
(Karow et al., 2000). The cells derived from Bloom syndrome patients show a high degree of
chromosomal instability. This is marked by a dramatically increased frequency of sister
chromatid exchange arising from the crossing over of chromatid arms during homologous
recombination (HR) intermediate resolution (Karow et al., 2000). The key function of the
BLM protein is indicated by the suppression of HR-mediated crossover events due to the
mutated BLM gene in Bloom syndrome.
In humans, BLM is one of five RecQ-like DNA helicases (Cheok et al., 2005). BLM has the
ability to dissociate varied DNA structures in a manner consistent with an HR regulatory role.
These DNA structures bear a resemblance to HR intermediates, such as Holliday junctions
(HJ) and D-loops (Karow et al., 2000). BLM cooperates with Topo IIIα, a type IA
topoisomerase, to catalyse double Holliday junction (dHJ) intermediate dissolution and
generate exclusively non-crossover recombinants in a process known as dHJ dissolution (Wu
& Hickson, 2003).
Topoisomerases are ubiquitous enzymes conserved to humans from bacteria. They play a key
role in modulating DNA topology in transcription, replication and other cellular processes
(Champoux, 2001; Wang, 2002), making them indispensible to the viability of the cell. There
are four subfamilies of topoisomerases: IA, IB, IIA and IIB. The topoisomerases of type IA
change the topological states of DNA in discrete steps via an enzyme bridging mechanism
(Champoux, 2001; Wang, 2002). The initiation of the catalytic tyrosine residue creates a
transesterification reaction in a single-stranded region, generating a transient DNA break that
allows for the intact strand’s passage through the break. After the broken strand’s relegation
by the reaction’s reversal, the enzyme is free to engage in another round of catalysis
(Champoux, 2001; Wang, 2002). Type IA topoisomerase family members include yeast
topoisomerase III (Top3), Escherichia coli topoisomerase III (EcTop3) and I (EcTop1), and
two isoforms of topoisomerase III, β (Topo IIIβ) and α (Topo IIIα), in higher eukaryotes.
These enzymes exhibit the ability to negatively relax supercoiled DNA, while EcTop1 can
catalyse interlinking, unknotting and knotting DNA substrates that have been exposed to
single-stranded regions (Champoux, 2001).
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The common traits at DNA replication forks are single-stranded DNA gaps, replication
termination sites and replication and repair sites, making it plausible that the main function of
type IA topoisomerases is unlinking DNA catenanes. Type IA topoisomerases act in concert
with RecQ helicases to control recombination events (Mankouri & Hickson, 2007). RecQ
helicases are a family of highly conserved DNA helicases required for the maintenance of
genome integrity (Hickson, 2003). The human topoisomerase IIIα (hTopo IIIα) interacts
physically with BLM (Wu et al., 2000; Johnson et al., 2000).
The hTopo IIIα domain that interacts with the BLM has the requirement of suppressing SCE
in BS cells (Hu et al., 2001). This indicates that hTopo IIIα plays an anti-recombination role
with BLM. Indeed, biochemical data in vitro have shown that hTopo IIIα and BLM catalyse
the dissolution of dHJs, a DNA structure that arises as an intermediate during homologous
recombination (Wu & Hickson 2003). The dissolution takes place via a strand passage
mechanism preventing genetic exchanges between flank sequences. This has the effect of
mimicking BLM-hTopo IIIα’s in vivo role in suppressing SCE (Wu & Hickson 2003). The
dissolution reaction, in the simplest case, is believed to have two components: the helicase
activity of BLM catalyses the Holliday junctions’ branch migration toward each other,
resulting in the collapse of the Holliday junctions and subsequently generating two duplex
DNAs interlinked through catenated single strands. This structure is known as hemicatenane,
which is then decatenated by hTopo IIIα to complete the DHJs’ dissolution (Plank et al.,
2006).
In every case, the failure of Topo III decatenate to resolve the replication fork convergence
could lead to sister chromatids being interlinked after replication and incorrect sister
chromatid disjunction in mitosis. In eukaryotes, Topo III functions in concert with RecQMediated genomic Instability (RMI) proteins (Singh et al., 2008; Xu et al., 2008). The
deletion of the gene encoding RMI1 in Saccharomyces cerevisiae results in phenotypes with a
similarity to top3Δ, which includes sensitivity to DNA-damaging agents along with hyperrecombination, consistent with Top3 functioning along with RMI1 in the same pathway
(Chang et al., 2005; Mullen et al., 2005). RMI1 in humans binds to hTopo IIIα through its Nterminal domain, which is conserved (Wu et al., 2006), and this interaction apparently has
importance in vivo for hTopo IIIα stability (Yin et al., 2005). RMI1 has been shown to
stimulate dHJ dissolution, in vitro, by BLM and hTopo IIIα (Raynard et al., 2006; Wu et al.,
2006).
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Although topoisomerase’s other type, IA, may play a role in the dissolution of dHJ in vitro,
the stimulation of dissolution by RMI1 specifically requires hTopo IIIα (Wu et al., 2006). The
association of RMI1 with RMI2 (the second RMI protein) through the OB-fold domain at the
C terminus forms heterodimeric RMI complex (Xu et al., 2008). This RMI complex requires
BLM phosphorylation in mitotic cells, as well as the recruitment of BLM to nuclear foci in
response to DNA damage (Singh et al., 2008; Yin et al., 2005; Xu et al., 2008). Further, the
depletion of the RMI complex has been shown to cause an elevated level of SCE (Yin et al.,
2005; Xu et al., 2008), the characteristic of BS cells that indicates the criticality of the RMI
complex with respect to the function of BLM. Therefore, the BLM-hTopo IIIα-RMI1-RMI2
complex represents the functional unit in higher eukaryotes known as the BLM core complex
(Liu & West 2008).
Remarkably, the action of BLM can disrupt the Rad51 presynaptic filament as well as
stimulate DNA repair synthesis by DNA polymerase η (Bugreev et al., 2007). These HRrelated functions of BLM are strictly dependent on its ATPase activity (Wu & Hickson,
2003). BLM’s ability to unwind HR intermediates while mediating the dismantling of the
Rad51 presynaptic filament and catalysing Topo IIIα–dependent dHJ dissolution is important
in regulating HR, limiting the formation of crossovers and preventing genome rearrangements
by HR crossover (Hickson, 2003; Sung & Klein, 2006). On the other hand, the DNA repair
synthesis activity of BLM may promote the non-crossover–producing synthesis-dependent
strand annealing mechanism in HR (Bugreev et al., 2007).
The BLM–Topo IIIα complex is bound stably to a third protein, BLAP75 (Meetei et al.,
2003). This enhances the BLM–Topo IIIα pair’s ability to branch-migrate HJs or dissolve the
structure of dHJs, yielding non-crossover HR recombinants. When DNA replicates in mitosis,
it is necessary for topoisomerase to decatenate DNA. This is particulary critical at
centromeres, as these structures play an important role in the assembly of kinetochores, which
are necessary component of the spindle apparatus required for segregation of sister
chromatids (Carroll & Straight, 2006). During this process, errors in chromosome attachment
become apparent, and the involvement of the spindle assembly checkpoint (SAC) becomes
active to present the segregation of chromosomes from occurring. Once this checkpoint is
passed, however, the segregation of the chromosomes may move forward, which involves the
recruitment and activation of a range of proteins, including topoisomerases (Yanagida, 2005)
(Figure 1.4).
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In 2012, Rouzeau and his colleagues determined that the proteins BLM and Plk-1 interact
with the checkpoint helicase PICH. Specifically, these proteins colocalise at the centromeres
during anaphase. Interestingly, these proteins are responsible for recruiting Topo IIα to the
centromeres (Figure 1.5). Studies have also shown that when BLM and PICH are deleted, in
Topo IIα recruitment does not occur effectively, indicating that it is a necessary component of
chromosome segregation. As such, it is apparent that topoisomerases and helicases play a
potentially important role in the recruitment of proteins during the DSB process. Their
mutations may lead to genetic abnormalities that result in cancer.

Figure 1.4: Diagram showing the location of the centromere (Pierce, 2012). During replication,
microtubules attach to the kinetochore in each sister chromatid. This allows for equal segregation.

Figure 1.5: Model of PICH/BLM-dependant decatenation of centromeric DNA (Source:
Rouzeau et al., 2012). BLM and PICH work alongside one another to organise chromatin. This allows
Topo II to access centromeric catenates. When BLM or PICH are not available, catenations result in
centromeric non-disjunction formation of additional ultrafine anaphase bridges (UFBs).
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1.5 Cell cycle
1.5.1 Overview of the mitotic cell cycle

Cell division occurs in all living organisms. The process of cell division in eukaryotes
involves cell growth, replication of DNA and, subsequently, the production of new daughter
cells. There are two kinds of cell division in eukaryotic cells: meiosis and mitosis. Accurate
cell division is needed to maintain tissue and cellular homeostasis (Marston & Amon, 2004).
After mitosis, two daughter cells, which are genetically identical, are produced. Mitotic cell
division contributes to the repair and growth of tissues. Meiosis, on the other hand, is a form
of cell division that is germ line specific and results in the production of haploid gametes.
The mitotic cell cycle is comprised mainly of two principal phases: interphase which includes
Gap-1 (G1), S and Gap-2 (G2) and mitosis (M phase) (Figure 1.6). Mitosis is comprised of
four subphases: prophase, metaphase, anaphase and telophase (Figure 1.7). During interphase,
the preparation for cell division, which includes protein and RNA production, DNA
replication and growth in size, takes place. Cytokinesis follows mitosis (M phase) in
generating two daughter cells. The enzyme complexes that copy DNA have the highest access
to chromosomal DNA during interphase. Interphase is also the period when the majority of
gene transcription occurs (Raven et al., 2014). Chromosomal DNA is duplicated during a part
of interphase called the synthesis, or S, phase. As the strands of the two daughters DNA
duplexes are produced, histones are recruited to form the structures called sister chromatids
(Raven et al., 2014).
In turn, the sister chromatids are held together by the cohesion complex. Cohesin contain four
proteins, two of which are members of the structural maintenance of chromosomes (SMC)
family of proteins. SMC proteins are the proteins that bind DNA, affecting the architectures
of chromosomes. The cells, which lack SMC proteins, exhibit various defects in chromosome
behaviour and chromosome stability (Blow & Tanaka, 2005). The available data suggests that
cohesin complexes can form circles encompassing the two sister chromatids (Hagstrom &
Meyer, 2003). Towards the end of S-phase, checkpoint mechanisms sense whether the DNA
has been successfully copied. If the DNA has been successfully copied, cells will proceed into
mitosis (Hagstrom & Meyer, 2003).
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The quiescent state, or G0, is an additional phase or state that occurs when cells exit the cell
cycle; yet retain viability (Singh & Dalton, 2014; Kronja et al., 2014). The strict regulation of
cell cycle progression in eukaryotic cells plays an important role in maintaining the integrity
of the genome. Cell-division control is enabled by cyclin-dependent kinase (CDK) and
checkpoints and their associated cyclins or specific activators. For instance, a checkpoint can
be activated by any cell-division error, resulting in the slowing down, speeding up, and/or
arrest of the cell cycle (Nurse, 1990; Sorensen & Syljuasen, 2012; Williams & Stoeber, 2012).
It is important to note that checkpoint mechanisms and defective cell-cycle regulators are
considered hallmarks of cancer and may affect cancer treatment and detection (Aarts et al.,
2013).
Prophase: Prophase represents over half of the process of mitosis. The nuclear membrane
breaks down in higher eukaryotes to form a number of small vesicles and the nucleolus
disintegrates. A structure called the centrosome duplicates itself by forming two daughter
centrosomes that migrate to the opposite ends of the cell. The organisation is performed by
the centrosomes to produce microtubules, which form the spindle fibres constituting the
mitotic spindle (Lloyd & Chan, 2006). The chromosomes condense into compact structures.
Prometaphase: The centromeres of the chromosomes lead spindle-mediated migrate to the
mid-line of the equatorial plane of the cell. This region of the mitotic spindle is called
the metaphase plate. The spindle fibres bind to the kinetochore, a structure associated with
each chromosome centromere (Raven et al., 2005). The individual spindle fibres bind to the
kinetochore on opposing sides of sister centromeres. The condensation of the chromosomes
continues.
Metaphase: The chromosomes align along the metaphase plate of the spindle apparatus.
Chromosomes assume their most compacted state during metaphase. During this phase, the
centromeres line up at the spindle’s equator. Metaphase is particularly useful in cytogenetics,
because it is at this stage that chromosomes can be visualised most easily. Moreover, the cells
can be arrested experimentally with mitotic poisons like colchicines (Lloyd & Chan, 2006).
Video microscopy reveals that during metaphase, there are temporary stoppages of the
movement of the chromosomes. A complex checkpoint mechanism, the mitotic checkpoint,
determines whether there is proper assembly of the spindle, and only the correctly assembled
spindles enter anaphase (Lloyd & Chan, 2006).
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Anaphase: This is the shortest phase of mitosis. The centromeres divide, and sister
chromatids are pulled apart with a high decree of synchrony. The spindle fibres attach to
regions of the kinetochore. The sister chromatids, which are separated, are now known as
daughter chromosomes (Raikov, 1994). It is the synchronised separation and alignment in
anaphase and metaphase that ensure that each daughter cell receives a copy of every
chromosome.
Telophase: Upon reaching the poles of the cell during telophase, the chromatids decondense
and a nuclear membrane forms around them. This nuclear division is followed by cytoplasmic
division, also known as cytokinesis, where the cytoplasm separates in to two distinct daughter
cells (Chan, 2006).
1.5.2 Overview of meiotic cell division

Meiosis can be described as the form of cell division responsible for generating gametes (egg
cells and sperm cells in advanced eukaryotes) during the sexual reproduction of eukaryotes. In
mammals, meiosis takes place in the female ovary and the male testis. Although meiosis is
critical to the creation of genetic diversity, it also maintains precision in the number of
chromosomes (Longhese et al., 2008). In meiosis one round of DNA replication is followed
by two successive rounds of chromosomes segregations to create haploid gametes.
Meiosis I, or the first round of chromosome segregation, reduces the number of chromosomes
by reductionaly segregating homologous chromosomes. However, meiosis II, or the second
psegregation resorts to the equation of the chromosomes when the separation of sister
chromatids takes place (Clift & Marston, 2011; Marston & Amon, 2004). A distinguishing
feature of meiosis is programmed recombination, which plays a significant role in homologue
alignment and generates genetic diversity (Marston & Amon, 2004). Chromosomes replicate
during the extended period of the premeiotic S-phase. This takes place before the
interhomologous interactions, which plays an important role in the separation of homologous
chromosomes and in meiotic recombination. Four stages or phases are involved in both
divisions of the meiotic cell: includes prophase, metaphase, anaphase and telophase for each
division Figure 1.8 (Zickler, 2006). .
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Because the reduction of the number of chromosomes during meiosis I is a fundamental
event, a number of essential events must occur. First, homologous chromosomes undergo
meiotic recombination (Clift & Marston, 2011). Second, the attachment of microtubules
derived from the identical spindle pole should be established between the kinetochores of
each homologue’s sister, this is known as centromere monopolarity. Subsequently, the
homologous pairs are attached between them through chiasmata. Lastly, chiasmata are
resolved and chromosome arm cohesin is removed, resulting in the dispersal of chromatid
cohesin (Clift & Marston, 2011; Maston & Amon, 2004).
Most of the key events pertaining to meiosis I in prophase I, which is subdivided into five
cytologically distinct phases: leptotene, zygotene, pachytene, diplotene and diakinesis (Figure
1.9; Table 1.1; (Baudat et al., 2013). During prophase I, homologous pairs are tangled
together and move in the direction of the equatorial plate. In this phase, crossing over can
occur. During prophase I the visibility of the chromosomes arises, the crossing over of the
chromosomes takes place, the disappearance of the nucleolus occurs. The meiotic spindle is
formed, and the nuclear envelope disappears (Freeman, 2011).
During prophase I, chromosomes have become thicker, shorter and coiled. Crossing over and
the pairing of duplicated homologous chromosomes occur. The process of genetic
recombination gives rise to crossing over (Allers & Lichten, 2001). At this point, each pair of
homologous chromosomes termed a bivalent. This is the tight grouping of the two
chromosomes. The longest phase of meiosis is prophase I, which typically consumes 90% of
the time with respect to the two divisions (Jones & Franklin, 2006).
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Table 1.1: The substages of prophase I ((Baudat et al., 2013).

Substages

Features

Leptotene

Chromosomes undergo obvious individualisation (thin and thread-like) as they
condense. The pairing of homologous chromosomes is also initiated
programmed recombination (Baudat et al., 2013).

Zygotene

Homologous
synaptonemal

chromosomes
complex

come

(SC)

closer

generation.

together,

which

results

Which

assembles

in

between

homologues. The telomeres have been clustering at the nuclear envelope (Qiao
et al., 2012)
Pachytene

Chromosomes are thick and short. SC formation comes to completion. Crossing
over occurs. At this stage, activity is found in the pachytene checkpoints, which
arrest meiosis in the event of recombination and/or errors in chromosome
synapsis that leads to promotion of apoptosis or repairing of process (Pellestor
et al., 2011).

Diplotene

SC release begins, although the linkage of homologous chromosomes remains
as a result of unity between sister’s chromatins (Buonomo et al., 2000).

Diakinesis

Complete SC release occurs, and the condensation of homologous
chromosomes occurs prior to the beginning of metaphase I. The beginning of
spindle formation and the breaking down of the nuclease membrane take place
(Ollinger et al., 2008).
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Cell cycle arrest.

Figure 1.6: Schematic diagram of the eukaryotic cell cycle (adapted from Virtual Genetics
Education Centre).
Breakdown of nuclear membrane
Sister chromatids

Spindle :ibers appear
Chromosomes condense

Centromere

Spindle :ibers attach to chromosomes

Loosely coiled
replicated chromosomes

Chromosomes condense
Chromosomes align

Centromeres divide
Sister chromatids move to
opposite poles
Nuclear membrane reforms
Chromosomes decondense
Spindle :ibers disappear

Cytoplasm divides
Parent cell becomes
2 daughter cells with
identical genetic information

Figure 1.7: The stages of mitotic cell division (adapted from Virtual Genetics Education Centre).
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Pre-meiotic cell
G0/G1

Prophase I

Prophase II

Metaphase I

Metaphase II

Anaphase I

Anaphase II

Telophase I

Telophase II

Figure 1.8: The stages of meiotic cell division. Two rounds of chromosomal segregation occur in
meiosis. Meiosis I represents reduction of segregation and meiosis II represents segregation. In the
figure, paternal chromosomes are represented by blue and maternal chromosomes are represented by
red. First, there are four sub sections of meiosis I into separate phases: telophase I, anaphase I,
metaphase I and prophase I. The chromosomes become visible and thick, and the generation of a
spindle takes place during prophase. Further, during this phase, homologous chromosomes pair up,
which results in crossing over, forming a unique combination of alleles on each chromatid. During
metaphase I, the homologous pairs align on the cell’s equator. During anaphase I, the homologous
chromosomes are segregated and move to the opposite ends of the cell. During telophase I, two fresh
haploid nuclei are produced. Meiosis II follows meiosis I and consists of four phases: telophase II,
anaphase II, metaphase II and prophase II. During prophase II, after the nuclear envelope is broken
down, the spindle is created. During metaphase II, the chromosomes are pulled to the centre of the cell
and then randomly aligned at the metaphase plate. During anaphase II, each chromosome’s centromere
is split, which leads to the separation of the sister chromatids. Lastly, at the end of meiosis II, the four
haploid daughter cells are produced (Zickler 2006).
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Figure 1.9: Chromosome organisation during meiotic prophase I. During meiotic prophase I,
chromosomes are paired, and the pairs consist of homologous chromosomes. Each chromosome
contains two sister chromatids. At leptonema, chromosomes are identified and associated with their
partners as soon as the recombination appears through the initiation of DNA double-strand breaks
(DNA-DSBs), which are introduced by SPO11. Meiotic recombination is completed before the end of
pachynema. Paired chromosomes are linked to each other, forming homologs by virtue of the highly
structured protein known as synaptonemal complex (SC) at zygonema. During crossover repair, the
homologs are used as a template rather than the sister chromatin, leading to the initiation of chiasmata
linkages between homologs at diplonema. The clustering of telomeres from one pole of the nuclear
envelope is known as the bouquet stage, which indicates the transition state from leptonema to
zygonema (Baudat et al., 2013).

35

Chapter 1: Introduction
1.5.3 Meiotic Recombination

Meiotic recombination is initiated by the introduction of programmed DNA double-strand
breaks (DSBs) throughout the genome and subsequent repair. It is a mechanism used by most
eukaryotes to enable the continuing of homologues to mediate the precise segregation of
homologous chromosomes. The process enables multiple (often hundreds) of DSBs to be
introduced throughout the genome by the topoisomerase type IIB-like complex, which
contains SPO11 protein (Keeney et al., 1997; Robert et al., 2016; Vrielynck et al., 2016).
Subsequently, these DSBs are repaired to form either noncrossovers or crossovers. The
crossover resolutions result in new chromosomes that are genetically distinct from both
parental molecules. Contrastingly, the arising of noncrossovers takes place when the DSB
from either homologous chromosomes or sister chromatids undergoes repair via relatively
short tracts of DNA known as gene conversion. This also takes place near the initiation of the
DSB, but fails to result in a physical link among the homologs, as intermediates do not mature
to more stable structures needed for crossover. Therefore, the DNA sequence flanking the
noncrossover site, refrain from varying from the original parental sequence (see Figure 1.10).
The induction of meiotic DSBs in Saccharomyces cerevisiae is mechanistically and
temporally linked with DNA replication completion. This ensures that one event is not
preceded by the other (Murakami & Keeney et al., 2014). The formation of meiotic DSBs in
S. cerevisiae requires multiple proteins (Keeney et al., 2014). However, Mer2 is one
component that cell-cycle kinases DDK (Cdc7-Dbf4 complex) and CDK (Cdc28 with either
Clb6 or Clb5) target for phosphorylation. Mer2 phosphorylation is a key for initiating the
formation of DSBs. There has been no equivalent phosphorylation event for initiating DSBs
found in other organisms, although, a homolog of Mer2, Rec15, is found in
Schizosaccharomyces pombe, (Doll et al., 2005).
DSB formation does not occur throughout the genome uniformly (Baudat & Nicolas, 1997).
Instead, some regions are more favourable for the formation of DSB. These regions are
known as hot spots, which have the tendency of being promoter and/or intergenic regions,
where there is a wider dispersion of the nucleosomes (Petes, 2001). ChIPseq has obtained
high-resolution DSB maps with the use of antibodies raised against known repair SPO11
proteins of the DSB (Buhler et al., 2007).
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Additionally, after the formation of DSB, the repair stage initially produces SPO11-bound
oligonucleotide, which is a protein-DNA complex that marks the specific location of DSBs.
The SPO11-oligonucleotides can be sequenced and provide a high-resolution DSB map.
Mapping DSB hot spots via the ChIPseq results in extremely good correlation with SPO11oligo maps, attesting to the utility and specificity of both approaches (Buhler et al., 2007).
1.5.4 Mechanicm of the repair and formation of DNA double-strand breaks

Much of the knowledge regarding DSB repair and formation is based on organisms that can
be easily modified genetically in assaying for observing repair intermediates. Nonetheless,
studies of organisms, such as mice, have the ability to confirm the repair and formation of
DSB in relation to pathways, whereas the identification of critical differences in DSBs is
conducted in cross-species studies (Cole et al., 2010). Keeney et al., 2014, identified Spo11 as
the protein that creates DSBs in S. cerevisiae during meiotic prophase I. Homologous proteins
have been discovered in mice (Spo11β and Spo11α), flies (mei-w68), worms (SPO-11) and
plants (SPO11-1,2,3) (Hartung & Puchta, 2000). The proteins, which are like topoisomerase
II, are similar to the subunit of the Archaeal TopoVI A. Archaeal TopoVI requires both A and
B subunits for function as a heterotetramer.
Recent investigations of the functions of the subunits of A and B and recent investigations in
mice and plants have revealed the subunits which are equivalent working with SPO11β during
meiosis, known as TOPVIBL and MTOPVIB, respectively (Robert et al., 2016; Vrielynck et
al., 2016). Two Spo11 monomers are required to induce a single DSB (Figure 1.10a), with
one DNA strand being broken by each protein (Keeney et al., 1997). As the process of DSB
formation continues, there is covalent attachment of the Spo11 with DNA, and therefore,
during subsequent processing it should be removed. Additional proteins are required for
Spo11 action, most notably in S. cerevisiae, in which at least nine proteins are required: Xrs2,
Rad50, Mre11, Rec114, Rec104, Rec102, Mei4, Mer2 and Ski8 (Keeney et al., 2001).
1.5.5 Initial double-strand break repair

After the induction of the DSB in S. pombe and S. cerevisiae, the Nbs1/Mre11-Rad50-Xrs2
(MRN) complex, in combination with the Ctp1/endonuclease Sae2, cleaves the DNA strand
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Attached to Spo11, liberating the Spo11-oligonucleotide complex (Hartsuiker et al., 2009;
Neal & Keeney, 2006). Spo11 refrains from cleaving the DNA on each strand at the identical
nucleotide position. This results in the overhanging of the two-nucleotide and therefore
prevents the filling up of the simple gap from the strand opposite to it (Liu et al., 1995). The
DNA molecule is double-stranded, and what results from it at this point is a short singlestranded DNA (ssDNA) tail, which is extendable by 5′–3′ exonuclease Exo1 (Zakharyevich et
al., 2010). The initial coating of the 3′ ended ssDNA takes place by the replication protein A
(RPA) (Ribeiro et al., 2015). This protects the potentially fragile ssDNA molecule and
impairing secondary structure formation. The RecA family members Dmc1 and Rad51,
gradually replaces the RPA. The Rad51/Dmc1-DNA complexes, in combination with the
factors of chromatin remodelling, invade DNA templates in homologues chromosomes in
search of homology; this is called single-end invasion (Hunter & Kleckner, 2001). The
ssDNA invasion of an opposing DNA helix has the ultimate result of the complementary
DNA strand displacement and the displacement loop (D-loop), which represent the last
intermediate stage that is common to all outcomes of the repair (Zakharyevich et al., 2010)
(Figure 1.10).
1.5.6 Noncrossover/crossover designation

After the formation of the D-loop, DNA polymerases can undertake the synthesis of DNA
using the invading 3′ end as a substrate, which extends the single-stranded molecule with the
use of strands that are invaded as a template. If the invading strand, at this point, is displaced
and disrupted, it can reanneal with the DSB other side of the DSB ends. After more DNA
ligation and synthesis, DSB repair takes place. The repair pathway, known as synthesisdependent strand annealing (SDSA), leads to a noncrossover events only with a gene
conversion (Figure 1.10b; Allers & Lichten, 2001).
If there is no utilisation of SDSA, the extended D-loop is captured by the DSB’s other side
called second-end capture, this process creates a joint molecule (JM) between chromatids of
two opposing sides (Szostak et al., 1983). At this stage, the endonucleases can cleave the
junctions, which allows for further ligation and elongation in creating a crossover (Figure
1.10f; Martini et al., 2011). Formation of a double Holliday junction (dHJ) occurs if nucleases
do not act on the joint molecule (JM)(Figure 1.10c). These appear to be the D-loop
extension’s main product during meiosis (Bzymek et al., 2010).
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The dHJs can be repaired in two ways: (a) by dissolution (Figure 1.10d), or (b) by resolution
(Figure 1.10e). The latter results in either a crossover or a noncrossover event. The repair of
the dHJ is biased heavily in favour of the forming of a crossover in meiosis (Allers & Lichten,
2001). Alternatively, dHJs undergo dissolution via the action of topoisomerases and helicases
to result in a noncrossover (Bizard & Hickson, 2014).
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Figure 1.10: Diagram of meiotic recombination. The presence of DNA intermediates has been
shown to be a required component of this process. DNA synthesis is represented in red. An accessory
protein of Spo11 is needed for this process (adapted from Hunter, 2015). The figure illustrates the
process of meiotic recombination as it occurs in Saccharomyces cerevisiae. Part (a) represents the
meiotic recombination that results from the intervention of Spo11. Spo11 creates the double-strand
breaks that establish which pieces of DNA can recombine. After the DNA is cleaved, Spo11 is freed
and becomes involved in a Spo11-oligonucleotide complex. Part (b) shows that as the DNA is being
extended, the strand itself can become displaced. This may prompt it to reanneal with the incorrect
side of the DNA, resulting in an unsuccessful crossover event. However, the invading strand may
continue to extend its length in nucleotides and create a larger D-loop. Part (c) shows that after the
second-end capture of the fragmented DNA and after a period of growth of the complementary strand,
a double Holliday junction is created. Part (d) illustrates the actions of two enzymes: helicases and
topoisomerases. During this process, the Holliday junctions move towards one another and become
dissolved into a noncrossover event. Part (e) indicates that the symmetry of the Holliday junctions
determines whether they will participate in crossover or noncrossover events. Part (f) shows that after
the strand invasion processes, nucleases are able to contribute to the development of crossovers by
modifying molecules in their intermediate forms.
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1.6 Aims of the project
The aims of this project will be to investigate the potential role of SPO11 in cancer cells and
to identify any oncological function. The SPO11 gene will be studied because it has a
restricted expression in almost all cancer cells but is not expressed in healthy somatic tissue.
This resulted in the hypothesis that cancer cells might have an obligate requirement for
SPO11. The approach will be to examine the mechanisms of action of SPO11 via depletion
and/or overexpression in the cancer cell lines in order to determine its contribution to cancer
cell proliferation. Finally, an attempt will be made in this study to purify SPO11 after
expression in Escherichia coli for use in crystal structure development and in vitro assays.
The objectives will be to confirm the hypothesis that SPO11 is required for cancer cell
proliferation and to elucidate the functional role of SPO11 in cancer cells, which might help
to identify SPO11 as a cancer-specific drug target.
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2. Material and Methods
2.1. Routine cell culture (parental cells)
The cells were grown in a humidified incubator at 37°C in 5% CO2. The colon cancer cell
line (SW480)[European Collection of Cell Cultures (ECACC), cell line authentication report
number 710236782] were cultured in a Dulbecco's Modified Eagle Medium (DMEM)
medium (Life Technologies, #61965) supplemented with 10% fetal bovine serum (FBS) from
GIBCO, Life Technologies (#10270). Both the H460 cells (ATCC, # HTB-177) and A2780
cells (ECACC, # 93112519) were grown in a RPMI medium (Life Technologies, #61870)
supplemented with 10% FBS from GIBCO, Life Technologies (#10270). The HCT116 cells
(ECACC, cell line authentication report number 710236782) were grown in a McCoy’s 5A
medium (Life Technologies, #36600) supplemented with 10% FBS from GIBCO, Life
Technologies (#10270). The stably transfected cell line HeLa Tet-On® 3G with pCMVTet3G was purchased from Clontech. The HeLa Tet-On® 3G cells were grown in a DMEM
medium (Life Technologies, #61965) supplemented with 10% fetal bovine serum (FBS) from
Tet System Approved FBS (Clontech, 631106) in the presence of 100 µl/ml Geneticin G418
antibiotic. The embryonal carcinoma cell line (NTERA-2 clone D1cells) was a gift from Prof.
P.W. Andrews (University of Sheffield). The liver cancer cell line (HepG2) was a gift from
Dr. J. Muller (University of Warwick). The ovarian cell lines (PEO14, TO14 and A2780),
breast cell lines (MCF7 and MDA-MB-453), colon cell lines (HT29, T84, LoVo),
astrocytoma cell line (1321N1) and melanoma cell lines (G361, MM127, COLO800 and
COLO857) were obtained from European Collection of Cell Cultures (ECACC)
https;//www.phe-culturecollection.org.uk/collection/ecacc.aspx). All cells used in this study
were sent for short tandem repeat (STR) authentication by LGC standards UK on a yearly
basis, the authentication report numbers in the thesis refer to the most recent report
(SOJ20094; March 2016). The cell seeding density was 2-3x10,000 cells/cm, the medium was
replaced every 4-5 days and the cells were passaged using 0.05% of Trypsin–EDTA (Sigma,
59417C) at a ratio of 1:6. A cryopreservation was performed in 1 ml of freezing medium
containing 10% DMSO and FBS. All cell lines were routinely checked for mycoplasma
contamination using the LookOut Mycoplasma PCR Detection kit (Sigma Aldrich, MP0035)
as per the manufacturer’s instruction and have undergone a16 loci short tandem repeat (STR)
authentication (LGC Standards, UK). Table 2.1. shows the type of cell lines.
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Table 2.1. List of the type of cell lines, refered to ECACC general cell collection:10112001
COCA culture.
Cell Line Name

Cell type

Growth Mode

Keywords

Cell Line Description

HeLa

Epithelial

Adherent

Human cervix epitheloid
carcinoma

HCT116

Epithelial-like

Adherent

Human colon carcinoma

SW480

Epithelial

Adherent

TO14

Epithelial

Adherent

Human colon
adenocarcinoma
Human ovarian cancer

NTERA-2

Epithelial

Adherent

HT29

Epithelial

Adherent

T84

Epithelial

Adherent

Human colon carcinoma

LoVo

Epithelial

Adherent

Human colon
adenocarcinoma

Hep G2

Epithelial

Adherent

Human Caucasian hepatocyte
carcinoma

MCF7

Epithelial-like

Adherent

Human Caucasian breast
adenocarcinoma

A2780

Epithelial

Adherent

Human ovarian carcinoma

PEO14

Epithelial

Adherent

Human ovarian cancer;
oestrogen receptor negative

G-361

Epithelial

Adherent

Human Caucasian malignant
melanoma

COLO 857

Epithelial

Adherent

Human melanoma

Adherent human cervix
epitheliod carcinoma cancer cell
line with abnormal ploidy
Derived from a cervical
carcinoma from a 31-year-old
female.
Adherent human colon
carcinoma one of 3 strains of
malignant cells isolated from a
male with colonic carcinoma.
Derived from a grade 3-4-colon
adenocarcinoma.
TO14 is an adherent cell line
derived from a metastasis to the
omentum obtained at
hysterectomy from a patient with
a well differentiated serous
adenocarcinoma.
The pluripotent human
embryonal carcinoma cell line
NTERA-2 clone D1
Isolated from a primary tumour
in a 44-year-old Caucasian
female. Forms a welldifferentiated adenocarcinoma
consistent with colony primary,
grade I.
Derived from a lung metastasis of
colon carcinoma in a 72-year-old
male.
Derived from a metastatic
tumour in the left supraclavicular
region of a 56-year-old male with
adenocarcinoma of the colon.
The Hep G2 cell line has been
isolated from a liver biopsy of a
male Caucasian aged 15 years,
with a well-differentiated
hepatocellular carcinoma.
Established from the pleural
effusion from a 69-year female
caucasian suffering from a breast
adenocarcinoma.
The A2780 human ovarian cancer
cell line was established from
tumour tissue from an untreated
patient.
PEO14 is an adherent cell line
derived from a malignant
effusion from the peritoneal
ascites of a patient with a welldifferentiated serous
adenocarcinoma.
Established from a malignant
melanoma of a 31 year old male
Caucasian.
Derived from a right axilla lymph
node of a 43 year old male with
melanoma.

Human Caucasian
pluripotent embryonal
carcinoma
Human Caucasian colon
adenocarcinoma
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2.2. Thawing of Frozen cancer cell lines
The cell vials were carefully and quickly removed from the liquid N2 and transferred to a
37°C water bath. The thawed cell suspension was quickly transferred into 5 ml of pre-warmed
medium to dilute out the DMSO. This cell suspension was immediately centrifuged at 100 xg
for 5 minutes. Subsequently, the cell pellet was resuspended in 10 ml of growth medium. The
cells were divided into two T25 flasks then transferred to 1XT75 for expansion of the culture
and incubated there for 24 hours in a humidified incubator at 37°C with 5% CO2.
2.3. Colonosphere Formation Assay
For in Vitro Assessment and Expansion of Stem Cells in Colon Cancer. The primary
colonospheres were generated as previously described by Kanwar et al. 2010. The nonadherent sphere assay is a technique used for isolating and enriching CSCs. In this assay, the
ability of the cells to undergo growth proliferation as floating spheres is evaluated under nonadherent and non-differentiating conditions (Sukach & Ivanov, 2007). Briefly, a single cell
suspension of parental SW480 cells was plated onto 10 cm diameter ultra-low attachment
5

culture dishes (Corning, Costar, 3474) at a concentration of 1x10 cells in 10 ml of serum-free
stem cell medium (SCM) containing: DMEM/F12 (1:1) (Life technologies, 31331)
supplemented with: 1 ml of 50x serum-free B27 (Life Technologies, 17504-044), 10 ng/ml of
basic fibroblast growth factor (bFGF; Life Technologies, PHG0264), 20 ng/ml of epidermal
growth factor (EGF; Life Technologies, PHG0314) and 50 units of penicillin and 50 µg of
streptomycin (Life Technologies, 15140122). The incubation was carried out at 37°C, 5%
CO2 and the medium was changed every other day. After 5-7 days, the colonospheres were
centrifuged (400 x g) and washed with DPBS (Invitrogen, GIBCO 14190094) followed by
dissociation with StemPro Accutase (Invitrogen, A11105-01). The single cell suspension was
prepared by repeated pipetting using a 1000 µl pipette, and it was either sub-cultured using a
1:10 split ratio, used for further experiments, or frozen down. Cryopreservation was
performed in 1 ml of the Cryomaxx II freezing medium (PAA, J05-012). The
cryopreservation vials (1 ml cryotubes, Nunc, 343958) containing the cells were labelled with
the name of the cells, passage number and date, frozen in a −80°C isopropanol cryo-freezing
container and then transferred for long-term storage in liquid nitrogen.
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The passage numbers were recorded as follows: the first number represented the number of
passages of the parental culture in the DMEM/FBS medium; the second number refers to the
number of passages in the SCM. For example, P44.7 cells were passaged 44 times in the
DMEM/FBS and 7 times in the SCM.

2.4. Extreme limiting dilution analysis
An extreme limiting dilution analysis (ELDA) is a software application for limiting dilution
analysis (LDA), with particular attention to the needs of stem cell assays as described in (Hu
and Smyth, 2009) also, to determine the frequency of cells having a particular function that
are present in a mixed population of cells. In brief, the colonosphere-derived cells were
collected and diluted to form single-cell suspensions. These were plated in 96-well ultra-low
attachment plates (Costar, Corning, 3474) at 1000, 100, 10 cells and 1 cell per 100 µl of Stem
Cell Medium (SCM), see Section 2.3. This procedure was repeated for the untreated,
Hiperfect treated, negative control siRNA and the SPO11 siRNA treated cells. The
transfection mixture for each condition contained 12.5 ng of siRNA, 0.3 µl of HiPerFect
Reagent (Qiagen, 301705) and 4.7 µl of serum-free media. As in Section 2.3, the complexes
were allowed to form for 15 minutes before being added to each well, and the cells were
incubated at 37°C in a 5% CO2 for 10 days. The cells were supplemented with 50 µl of SCM.
The transfection complexes were re-applied after 4 and 8 days of incubation. At the end of 10
days of cell culture, the number of wells with colonospheres, which contained more than 20
cells, was counted using light microscopy. The frequencies of the colonosphere forming cells
were determined using the ELDA webtool (http://bioinf.wehi.edu.au/software/elda).
2.5. Transfection (RNA interference)
The SPO11 siRNA and a negative control siRNA were obtained from the Qiagen and used at
a final concentration of 5 nM. The names and sequences of the siRNA are as listed in Table
2.2. HiPerFect reagent (Qiagen, 301705) was used to perform the transfection, according to
the manufacturer’s instructions. Prior to the transfection, 150 ng of siRNA (0.6 µl of 20 µM
siRNA stock) and 6 µl of HiPerFect Reagent (Qiagen, 301705) were mixed with 100 µl of
serum-free media (OptiMEM, Life Technologies, 11058-021) and incubated for 15 mints at
room temperature (RT) to allow the formation of transfection complexes. 1.5x106 SW480
cells were plated per well of a 6-well plate.
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The transfection complexes were then added drop-wise with a gentle swirling of the plates to
ensure uniform distribution. The transfected cells were subsequently “spiked” 24 hours later
(siRNA/HiPerFect complexes added again to the attached cells). Approximately 48 hours
after cell seeding, the whole cell protein lysates and RNA were extracted. The efficiency of
the knockdown of the targeted mRNA was determined using the qRT-PCR and protein levels
assessed by western blotting.
Table 2.2. List of siRNAs used in this study.
Gene

Name

Qiagen

Concentration

siRNA sequence

Cat.no

SPO11

siRNA_1

SI00100366

20 µM

5'-CAGAGTGTACTTACCTAACAA-3’

SPO11

siRNA _2

SI00100373

20 µM

5'-ACAACTAATGTTAACGCATAA-3'

SPO11

siRNA _4

SI00100387

20 µM

5'-TACCTTCTACGATACAACTAA-3'

SPO11

siRNA _6

SI03024049

20 µM

5'-TTGCATCATGATTACGGGAAA-3'

Negative

AllStarsNegativ

1027280

20 µM

Proprietary

control

eControl siRNA

2.6. Preparation of cancer cell line stocks
Once the cells were confluent, they were washed twice with 1X PBS before performing a
trypsinization with 1x trypsin–EDTA (GIBCO, 1370163). 10 µl of the cells were transferred
to 1.5 ml of Eppendorf containing 10 µl of trypan blue solution (Cat. No: T8154-20ML) and
counted using either a hemocytometer or an automated cell counter (BioRad). The remaining
cell suspension was centrifuged at 100xg for 5 minutes to obtain a cell pellet, which was
aspirated and resuspended gently in 1 ml of freezing medium Dimethyl sulphoxide (DMSO)
(1:9 DMSO: FBS) before transferred to a labelled Cryotube and then to the CoolCellRLX at 80oC.
2.7. Cloning of SPO11 gene into pGEX_2T and pGEX-6p-1 vectors
The SPO11 ORF was cloned into pGEX-2T and pGEX-6p-1 vectors in order to activate its
expression and produce a high amount of protein in vitro for future structure analysis (Table
2.3). These vectors include a tac promoter, which is chemically inducible with IPTG,
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A lacI gene for use in E. coli and also contained a glutathione S-transferase (GST) tag
upstream of multiple cloning sites for protein functional analysis. pGEX-2T (Figure 2.1) has a
specific thrombin site for cleaving the protein of interest from the fusion product with
thrombin cleavage. pGEX-6p-1(Figure 2.2) has a specific protease site for cleaving the
protein of interest from the fusion product with preScission protease.
1 µg of pGEX-2T vector and pGEX-6p-1 pGEX-6p-1 vector were digested independently
with 10 units of BamHI restriction enzyme and was ligated with full length SPO11 cDNA. As
described in Section 2.10.6, the ligation mix was first transformed and then positive colonies
were selected as described in Section 2.10.7. The positive colonies were confirmed using
sequence analysis to ensure SPO11 cDNA was integrated in frame with the tag. Finally,
plasmid isolation and transformation was performed using competent cells E. coli BL21
(DE3) for protein expression.

Table 2.3. List of Plasmids and their Universal Primers.

Vector

Source

pGEX-2T vector

(GE Healthcare; 28-54653)

pGEX-6P-1 vector

(GE Healthcare; 28-9546-48)
Universal primers

Vector

Name

Primer Sequence

pGEX2T

pGex F

5'-ATAGCATGGCCTTTGCAGG-3'

Melting
Product size (bp)
Temperature
(°C)
55
4948

pGex R 5'-GAGCTGCATGTGTCAGAGG-3'
pGEX6p-1

pGex F

5'-ATAGCATGGCCTTTGCAGG-3'

pGex R 5'-GAGCTGCATGTGTCAGAGG-3'

48

55

4948

Chapter 2: Materials and Methods

Figure 2.1: The diagram shows vector maps of pGEX-2T (figures adapted from Snap gene web).

Figure 2.2: The diagram shows vector maps of pGEX-6p-1(figures adapted from Snap gene web).
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2.8. The Tet-On 3G inducible gene expression system
To control the expression of a specific gene of interest (GOI) (in this study SPO11) within a
specific cancer cell line the Tet-On 3G inducible system was selected from Clontech. This
system relies on the presence of two plasmids pCMV-Tet3G and pTRE3G (Figure 2.3.
The pCMV-Tet3G plasmid constitutively expresses a transactivator, which binds to the
promoter of pTRE3G only in the presence of doxycycline, to activate transcription from that
promoter. The pTRE3G plasmid also contains the GOI under the control of this promoter. In
this way, in the presence of doxycycline, the GOI is expressed. This system was used in both
the HeLa and HCT116 cells. Table 2.4. shows the Plasmids used in this study.

Figure 2.3. The figure is taken from Clontech’s manual illustrating the Tet-On 3G system and
modifications.
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Table 2.4. List of Plasmids and plasmid primers used in this study.

Vector

Source

pCMV -Tet3G – regulator plasmid

(Clontech #631168)

pTRE3G – response plasmid

(Clontech #631168)

pTRE3G-Luc – response plasmid

(Clontech #631168)

Vector

Name

Universal primers

Melting

Product size

Temperature

(bp)

(°C)
pTRE3G

F

5'-ATTCCACAACACTTTTGTCT-3'

R

5'-GGTTCCTTCACAAAGATCCTC-3'

55

3431

a) Establishment of Stably integrated Tet-On 3G HCT116 clones

The first step in the system required making a stable cell line with the pCMV-Tet3G vector.
This vector has a G418 (Selective Antibiotic) selectable resistance gene (neomycin). Before
transfecting the cells with this vector, Genetecin “kill curves” for the HCT116 cells were
carried out. The HCT116 cells were then cultured in 6 well plates and were transfected with
the pCMV-Tet3G vector using Xfect reagent, following the manufacturer's instructions. The
cells were split and the antibiotic G418 (optimum concentration chosen 500 µg/ml) was added
to the media to select positive colonies. Post 15 days, single colonies were isolated and grown
independently.
i) Genetecin selection

HCT116 Tet-On 3G was seeded on 6-well plates in McCoy’s 5A medium +
GLUTAMAXTMTM supplemented with 10% Tet system Approved FBS (631106), and HeLa
Tet-On 3G cell line was seeded in to 6-well plates in Dulbecco’s Modified Eagle medium
(DMEM) supplemented with 10% Tet system Approved FBS. The cells were incubated in a
humidified incubator at 37oC and 5% CO2 until the cell density reach the confluent stage.
Seven doses of Genetecin, from 100 - 500 µg together with untreated cells, were tested to
optimise the minimum dose of Genetecin required to kill all cells after 3-5 days. The lowest
optimum dose chosen for single colony selection was 400-500 µg/ml.
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ii) Transfection of pCMV-Tet3G into HCT116

1x105 HCT116 cells were cultured in 6-well plates and were transfected with the pCMVTet3G vector using Xfect reagent (Clontech, 631317), following the manufacturer's
instructions. The cells were split and the antibiotic G418 (optimum concentration chosen 500
µg/ml) was added to the media to select positive colonies. Post 15 days, single colonies were
isolated and grown independently.
iii) Independent Tet-On HCT116 clone assessment using the luciferase assay system

Doxycycline-dependent transactivator induction was achieved using the luciferase assay
system (Promega) in conjunction with the pTRE3G-luc vector. This vector contains the firefly
luciferase gene under the control of the pTRE3G promoter. As mentioned above, the pTRE3G
promoter is responsive to the transactivator only in the presence of doxycycline. The
luciferase assay system converts the chemical energy of luciferin oxidation through an
electron transition, forming the product molecule oxyluciferin, which produces light. The
firefly luciferase, a monomeric 61 kDa protein, catalyses the luciferin oxidation using
ATP/Mg2. A flash of light is produced that decays quickly after the substrates and enzyme are
combined.

b) Luciferase Assay System

After 24 hours, the cells were harvested, and the luciferase activity was checked in samples
using the Luciferase Assay System (Promega, E1500), by following the manufacturer's
instructions. A 1420 VICTOR2 Multilabel counter (Wallac, 1420-018) was used to record the
Luminescence. The clones with the highest fold induction were selected. These clones were
subsequently expanded and stored frozen as HCT116-Tet-On15 cells. Having obtained
Relative Light Unit (RLU) readings for each clone, it was necessary to standardize the
readings using the protein concentration of each lysate. The concentration of protein was
determined using a BCA protein Assay kit (thermo Scientific, 23227), following the
manufacturer’s instructions, and an equal amount of each fraction were loaded for a western
blot analysis. The values obtained were subsequently normalised to the un-induced controls.
RLU per µg protein = RLU of sample / protein concentration (µg/µl)
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The amount of light is proportional to the amount of luciferase present, and this in turn is
dependent on the activity of the transactivator within each of Tet-On 3G clones in the
presence of doxycycline. Independent clones were initially seeded into 2 wells of a 6-well
plate and transfected as described in Section 2.7.a (ii) with the pTRE3G-Luc vector. 4 hours
after transfection, the media was replaced with +/- 1 µg/ml dox, and the clones were harvested
24 hours later.
c) Puromycin selection

The HCT116 Tet-On 3G was seeded into 6-well plates in McCoy’s 5A medium +
GLUTAMAXTMTM supplemented with 10% Tet system Approved FBS, and the HeLa TetOn 3G cell line was seeded into 6-well plates in Dulbecco’s Modified Eagle medium DMEM
supplemented with 10% Tet system Approved FBS and 100 µg/ml G418. The cells were
incubated in a humidified incubator at 37oC and 5% CO2 until the cell density reach the
confluent stage. Seven doses of Puromycin (Life Technologies, A1113803), from 0.8 to 10 µg
together with untreated cells, were tested to optimise the minimum dose of Puromycin
required to kill all cells after 3-5 days. The lowest optimum dose chosen for single colony
selection was 1 µg/ml.
d) Establishment of Stably integrated pTRE3G: SPO11 Tet-On 3G HCT116 and HeLa clones

The HCT116 Tet-On 3G and HeLa Tet-On 3G clones isolated needed to be transfected with
the next vector of the Tet-On system: pTRE3G:SPO11 (see Section 2.10). This was achieved
essentially as described in the Clontech’s manual accompanying the Tet-On 3G system and
modification to this protocol. Before this vector could be transfected into the cells, Puromycin
“kill curves” were established for the HCT116 Tet-On 3G and HeLa Tet-On 3G cells. The
clones [(HCT116 cells (1x 105)] to be transfected were seeded into 6 well plates and
incubated for 24 hours before transfection. The plasmid DNA, pTRE3:SPO11, does not have
a selectable resistance marker and the Clontech protocol recommended co-transfection with a
linear Puromycin selection marker (Clonotech, 631626) at a ratio of 20:1 (vector: linear
marker) using Xfect transfection reagent. After two weeks, visible single colonies appeared,
and large colonies were picked using cloning cylinders and were each transferred into a
separate well of a 24-well plate and then grown independently in a 6 well plate in a
maintenance concentration of G418 (100-200 µg/ml) and 1 µg/ml Puromycin. When
confluent, cells were split from each well into three wells of 6 well plates for testing. 1 µg/ml
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of Doxycycline (Sigma, D3072) was added to the medium, according to the manufacturer’s
protocol, to induce the expression of SPO11. The levels of SPO11 expression were checked
by qRT-PCR, and the SPO11 protein levels monitored by western blot.

2.9.

Cell Imaging Methods

2.9.1 Indirect Immunofluorescence

Autoclaved coverslips (GPE Scientific CLS-1760-012) were transferred to each well of a 24well plate. (1x 105) The SW480 cells were seeded into each well and grown until they were
70-80% confluent. The cells were washed in warm 1xPBS before fixing in freshly made 4%
paraformaldehyde (PFA in 1xPBS) for 10 minutes at room temperature. The cells were
washed 3x10 minutes in 1xPBS. To block the non-specific binding of antibodies and to
permeabilize the membranes, the cells were incubated in 5% FBS/0.3% TritonTM X-100/1x
PBS for an hour at room temperature. Subsequently, the cells were treated overnight with
primary antibodies (see Table 2.5.) diluted in 1% BSA/0.3% TritonTM X-100/1x PBS.
This was followed by three washes with 1X PBS of 5 minutes each. The cells were incubated
with Alexa Fluor secondary antibodies (see Table 2.6.), which were diluted in 1% BSA/0.3%
TritonTM X-100/1x PBS for 2 hours in the dark at room temperature. This was followed by
three washes with 1X PBS for 5 minutes each. Prolong® Gold Antifade Reagent with DAPI
(Cell Signalling, #8961) was used for mounting the coverslips. A Zeiss LSM 710 confocal
microscope and ZEN software (Zeiss) were used to detect immunofluorescence.
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Table 2.5. List of Primary antibodies for indirect immunofluorescence (IF).
Antibody

Clone

Host

Dilution

Source

Cat.no.

Anti-SPO11

Monoclonal

Rabbit

1:3000

Abcam

ab81695

Anti-α-Tubulin

Monoclonal

Mouse

1:500

Abcam

ab80779

Anti-PICH (anti-ERCC6L)

Monoclonal

Mouse

1:200

Abcam

ab57434

Anti-BLOOM

Polyclonal

Goat

1:150

Santacruz

130314

Anti-Pericentrin

Mouse

Monoclonal

1:1000

Abcam

ab28144

Anti-Phopho-Histone H2A-X

Monoclonal

Rabbit

1:400

Sigma

9718

Table 2.6. Secondary antibodies for IF and their dilutions and sources.
Antibody

Host

Species

Dye/Label

Reactivity
Anti-rabbit

Goat

Rabbit

IgG (H+L)
Anti-rabbit

Goat

Rabbit

Donkey

Goat
Goat

(H+L)
Anti-mouse IgG

IgG(H+L)

495/519

1:1000

Alexa

Alexa
Alexa

Goat

Mouse

Alexa

578/603

1:1000

Mouse

Alexa
Fluor® 568

55

A11011

Life

A11034

Technologies
495/519

1:1000

Life

A11055

Technologies
578/603

1:1000

Life

A11057

Technologies
495/519

1:1000

Fluor® 488
Goat

Life
Technologies

Fluor® 568

(H+L)
Anti-mouse

Alexa

Cat.
Number

Fluor® 488
Donkey

Source

Emision

Fluor® 568

(H+L)
Anti-goat IgG

Dilution

Fluor® 488

IgG (H+L)
Anti-goat IgG

Excitation/

Life

A11029

Technologies
578/603

1:1000

Life
Technologies

A11031
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2.10

Molecular Biology: Cloning and Gene editing

2.10.1 PCR primer design

The PCR primers were designed using a software Oligonucleotide properties calculator that
also calculated the melting temperature (Tm) and C+G content (50-55%), relative to the
length of primers (~20 bp). Preference was given to the primers, which possessed a C or G
nucleotide. Human testis tissue RNA (1 µg) was converted to cDNA using a Phusion highfidelity PCR master mix with a GC buffer (New England BioLabs), the full length SPO11
cDNA was amplified from this cDNA. The PCR conditions were as follows: 1x cycle 98°C
for 30 seconds, 35 cycles of denaturing at 98°C for 10 seconds, annealing 55°C for 30
seconds and extension at 72°C for 30 seconds/per 1 kb followed by a final extension at 72°C
for 10 minutes. A 5 µl sample of the PCR product was electrophoresed using 1% agarose gel.
2.10.2

Purification of PCR products

The QIAquick PCR Purification kit was used to purify the PCR products. If multiple bands
were identified in the PCR reaction after electrophoresis, bands of the correct size were
excised from the agarose gel before purification, according to the manufacturer’s instructions.
The PCR product was purified for ligation into plasmid vectors or for sequencing purposes.
2.10.3

DNA sequencing

Prior to sequencing, the DNA samples were adjusted to a concentration of 5 ng/µl (300 bp -1
Kb fragments), 1 ng/µl in a total volume of 15 µl mixed with 10 pmol of the forward or
reverse primer and sent to MWG Eurofins in bar coded tubes for automated sequencing. The
sequencing results were identified using the NCBI Nucleotide BLAST search (Website:
http://blast.ncbi.nlm.nih.gov/Blast.cgi).
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2.10.4

Digestion of DNA

The PCR reaction products were mixed with loading dye (6x) run on 1% agarose gels. The
specific bands were extracted, and purification was performed using a QIAquick PCR
Purification kit as per the manufacturer’s instructions. The purified PCR product was
digested, with 10 units of BamHI restriction enzyme, and the manufacturer’s protocol was
followed. Post digestion, the samples were incubated at 37°C for 2 hours and then
electrophoresed on 1% agarose gel. Appropriate bands were selected and excised from the gel
and purified as per the manufacturer’s protocol (QIAquick Gel Extraction kit).
2.10.5

De-phosphorylation of plasmid

The plasmid and universal primer details are as shown in Table 2.2. 2.5 µg of plasmid was
digested with 10 units of BamHI restriction enzyme, mixed in 10 µl of BamHI buffer E and
86.5 µl of ddH2O in a total volume of 100 µl. This mixture was incubated at 37°C for 2 hours
by addition of 11 µl Antarctic phosphatase buffer (NEB; B0289S) and 1 µl of Antarctic
phosphatase enzyme. This mixture was incubated at 37°C for 15 minutes and was heat
inactivated for 5 minutes at 65°C. The reaction was electrophoresed on 1% agarose gel and
further purified using a QIAquick Gel Extraction kit, and the DNA concentration was
determined using a NanoDrop spectrometer.
2.10.6

Gene ligation and transformation

The pTRE3G plasmid was digested and the SPO11 gene was ligated into it as per the
manufacturer’s protocol. 50 nanograms of linearized plasmid was ligated with a 1-9 fold
molar excess of the insert and mixed with a total of 10 µl sterile water and then 2x Quick
ligase reaction buffer (5 µl) and 1 µl of Quick T4 DNA ligase were added, mixed and
incubated at RT for 5 minutes and then incubated on ice. 5 µl of ligation product pTRE3G:SPO11 and 1 µl of control (de-phosphorylated cut and uncut vectors) were added to 50 µl
of DH5X-alpha competent Escherichia coli ( E. coli) cells + DNA were incubated on ice for
30 minutes followed by heat shock at 42°C for 30 seconds and then again chilled on ice for 5
minutes. 950 µl of Super Optimal broth with Catabolite repression (SOC) media was added to
the mixture and incubated at 37°C with vigorous shaking (250 r.p.m) for an hour. The
samples were plated onto LB agar plates containing 100 µg/ml of ampicillin antibiotic. Table
2.7. shows the lists of media used for the amounts, and Table 2.8. shows the bacterial strains.
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Table 2.7. Medium recipe for E. coli growth.

Media
Luria Broth (LB)
Tryptone
Yeast extract
NaCl
Water
For LB agar plates add:
Agar
Water

Amount
10 g
5g
10 g
Up to 1 Lt
14 g
Up to 1 Lt

Table 2.8. The E. coli strains used.

Bacteria

Source

DH5X-alpha competent E. coli

NEB; C2987I

BL21 (DE3) competent E. coli

NEB; C2527I

2.10.7 Screening of colonies

The selected colonies were grown in 10 ml of LB broth and 2 µl of this was used for PCR
amplification using an internal primer for the external SPO11 + universal pTRE3G (see Table
2.2.) in order to confirm if these were the correct colonies. The remaining medium with PCR
positive colonies was inoculated in 5 ml of LB medium containing 100 mg/ml ampicillin and
incubated overnight at 37°C with vigorous shaking at 250 r.p.m.
2.10.8 Plasmid extraction from E. coli

A 5 ml of overnight E. coli culture containing the positive clone of interest was used for
plasmid mini preparation. Plasmids were isolated from bacterial culture using a QIAprep Spin
Miniprep Kit (Qiagen, 27106) and protocol was followed as given by the manufacturer. The
cell pellet was obtained by centrifuging the culture at 4,000 x g for 10 minutes at 4°C and the
glycerol stock was kept in -80°C. The cell pellet was resuspended in a P1 buffer and
transferred to an Eppendorf tube. To this, 250 µl of P2 lysis buffer was added then incubated
at room temperature for 5 minutes followed by the addition of 350 µl of N3 buffer. The tube
was gently inverted and subjected to centrifugation at 13,000 x g for 10 minutes. The
supernatant obtained was transferred to a spin column and centrifuged at 10,000 xg for 1
minute.
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750 µl of PE washing buffer was added and the columns were centrifuged at 13,000 x g for 1
minute. The columns were subjected to centrifugation to remove residual ethanol from the
washing buffer. 50 µl of Elution buffer (EB) was used to elute samples from the columns.
Plasmids used for transfection were extracted using a HiSpeed plasmid Midi kit (Qiagen,
12643) as per kit protocol. All plasmid were checked by restriction enzyme digestion with
appropriate restriction enzyme. Sequencing was performed to confirm correct orientation of
SPO11 cDNA and to detect any gene mutations caused during PCR amplification. Only
samples with the correct gene sequence orientation were used for further experiments.
2.11.1.

Induction of protein production

24 hours before induction, BL21 (DE3) cells were transformed with SPO11 and pGEX-2T or
pGEX-6p-1 vectors. The expression of fusion proteins was first carried out on a small scale to
confirm the ability of plasmid constructs to express the desired polypeptide. Four 1.5 ml
cultures (1:10 dilution of overnight cultures) of the pGEX-2T recombinant were grown in LB
broth/ampicillin (100 µg/ml) at 37°C in an orbital shaker. After 1 hour, isopropyl β-D-1thiogalactopyranoside IPTG (Sigma-Aldrich) was added to three of the cultures (final
concentration of 0.1 mM) to induce the production of fusion proteins, and the cultures were
allowed to grow for 3, 5 and 7 hours, respectively. After incubation, the cells were taken from
the induced and non-induced cultures, were pelleted by centrifugation (10 minutes 1,200 g)
and resuspended in an equal volume of water. The fusion protein should be clearly detectable
in the IPTG induced samples after electrophoresis on SDS-PAGE. To determine the
efficiency of purification, fusion proteins were expressed in a 10 ml culture in response to
IPTG. A single colony was selected and was resuspended in 10 ml of LB medium containing
100 µg/ml ampicillin. The Falcon tube was incubated overnight at 37°C at 180-200 r.p.m. For
protein expression analysis; after overnight incubation, 2 ml of each SPO11 tube culture was
transferred into a Falcon tube containing 18 ml of fresh LB medium, which contained 100
µg/ml ampicillin, and was incubated on a shaker at 37°C and 180-200 r.p.m. A
spectrophotometer was used to measure the optical density (OD) at 600 nm until the culture
reached a density of 0.6-0.8 OD units. IPTG to a final concentration of 0.1 mM was used to
induce production of recombinant protein for 5 hours at 37°C.
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2.11.2. Expression and purification of GST tagged SPO11 using Triton-100X

Temperatures ranging from 15°C to 37°C and different concentrations of IPTG varying from
40 to 400 µM were used to check the optimal expression for the SPO11 tagged gene; Samples
were taken before and after induction and centrifuged for 20 minutes at 400 xg at 4°C, and
cell pellets were collected. 500 µl of ice-cold 1X PBS or STE buffer containing protease
inhibitor cocktail (Roche, 11836170001) was used to resuspend the pellets. The cell
suspension was sonicated at low setting for 5 minutes on ice (30 seconds on and 30 seconds
off). A 20 µl sample of sonicated cell lysate (whole cell lysis) was used to check whether the
cells were fully lysed. To precipitate insoluble cell parts, 1% Triton was added to the entire
solution and was centrifuged at 10,000 g at 4°C for 30 minutes. The supernatant was collected
in Eppendorf tubes. The insoluble fraction (pellet) was resuspended in 300 µl of ice-cold 1X
PBS solution. 10 µl samples each the soluble protein and the insoluble protein from the whole
bacterial lysate and un-induced samples were subjected to the protein electrophoresis gel.
These samples were mixed with an equal volume of 2x Laemmeli buffer and heated at 100°C
for 10 minutes. The heated samples were electrophoresed using 4-12% SDS-PAGE gels 110
volts for an hour, and then the gel was stained with Coomassie blue (see Section 2.10.6).
2.11.3. Production of GST::SPO11 protein using Sodium Lauryl Sarcosinate (Sarkosyl)

This method was adopted from a published paper (Park et al., 2011). In this method, the
purification of insoluble fraction of GST-fusion protein was carried out exactly as described
in the manufacturer’s instructions of purification. The cell pellet was resuspended in 300 µl of
ice-cold STE buffer containing 2% sarkosyl, 5 mM dithiothreitol (DTT) and 100 µg/ml
lysozyme and incubated on ice for 15 minutes. The sample was sonicated on ice at a low
setting for 5 minutes (30 seconds on and 30 seconds off). The samples were centrifuged at
18,000 g for 30 minutes and the supernatants were transferred to new Eppendorf tubes. 2% of
Triton X-100 was added to the cell lysate and incubated for 30 minutes on ice and was
centrifuged at 10,000 g at 4°C for 30 minutes. The supernatant was collected in new
Eppendorf tubes. The insoluble fraction (pellet) was resuspended in 300 µl of ice-cold 1X
PBS solution. 10 µl samples of each the soluble protein and the insoluble protein from the
whole bacterial lysate and un-induced samples were subjected to the protein electrophoresis
gel. These samples were mixed with an equal volume of 2x Laemmeli buffer and heated at
100°C for 10 minutes. The heated samples were electrophoresed using 4-12% SDS-PAGE
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gels and 110 volts for an hour, and then the gel was stained with Coomassie blue (see Section
2.11.6).
2.11.4. Purification of soluble GST protein

Soluble GST Fusion protein isolation was performed using the Pierce GST Spin purification
kit (Thermo Fisher Scientific, 16106), following the manufacture’s protocol, and GST spin
traps (GE Healthcare).
2.11.5. Thrombin and preScission protease cleavage of fusion protein

Protease cleavage was achieved by incubating 10 units/mg of Thrombin (GE HealthcareSLBH8091V-1) with pGEX-2T::SPO11 and preScission protease (GE Healthcare-399393)
with pGEX-6p-1::SPO11) in the GST columns, according to the manufacturer’s guidelines.
The Thrombin reaction mixture was prepared as follows: for each ml of Glutathione
Sepharose bed volume, 50 µl (50 units) of thrombin was mixed with 950 µl PBS, the
thrombin mix was then loaded to the column containing the purified fusion protein before the
elution step, following the manufacture’s protocol, for the Pierce GST Spin purification kit
(see section 2.10.4) and incubated at room temperature (+22-25°C) for 1, 2, 6 hours.
Also different concentrations of Thrombin were used to determine the optimal length and
condition of incubation required for complete digestion of the fusion protein. Following
incubation, the column was washed with 3 beads volumes of PBS, and the suspension was
centrifuged at 500 g for 5 minutes to pellet the Glutathione Sepharos. The elute was collected
in different tubes and analysed by SDS-PAGE of both elute and beads. The elute will contain
the SPO11 protein and thrombin, while the GST protein of the tagged protein should remain
bound to the Gluthaione Sepharose (beads).
2.11.6. Coomassie Brilliant blue staining

Protein gels were immersed in 10-15 ml of Coomassie Instant Blue (Expendeon, ISBIL) for
1-2 hours with gentle shaking. The gel was washed several times with ultrapure water to
remove any residual stain. A Bio-Rad image reader was used to visualize the gels.
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2.12

RT-and qRT-PCR

2.12.1.

Extraction of total RNA and cDNA synthesis

A RNeasy Plus Mini Kit (Qiagen, 74136) was used for the extraction of the total RNA from
the cells, according to the manufacturer’s instructions. Briefly, the cell pellet obtained after
centrifugation (300 g for 5 minutes) was washed with 1X DPBS (invitrogen, GIBCO
14190094). The cells with a density of 5 x 106 cells or 5 x 106 - 1 x 107 were resuspended in
350,600 µl of lysis buffer RLT plus, respectively. A QIAshredder spin column (Qiagen,
97654) was used to homogenize the cell lysates. The flow-through was transferred
immediately to gDNA Eliminator spin columns. The gDNA Eliminator spin columns were
used to remove genomic DNA contamination; the RNA samples were treated with DNaseI to
remove all traces of genomic DNA contamination. The DNaseI enzyme effectively targets
only DNA for digestion, while leaving the RNA molecules intact. For each 40 µl of RNA
sample, 2 units of DNaseI enzyme was used. The samples were then incubated at 37°C for 2030 minutes. A NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies) was used to
determine the quantity and quality of the isolated RNA see (Section 2.11.3). A cDNA
synthesis was performed using a Quantitect Reverse Transcription kit, by following the
manufacturer’s instructions. Briefly, 1 µg total of RNA was subjected to a reverse
transcription to yield the first strand cDNA. The final cDNA product was diluted ten times
with DNase/RNase-free water. The cDNA quality was estimated by RT-PCR using primers
for β-Actin (Table 2.11.). Controls without reverse transcriptase for all samples were
generated and showed no amplification in the subsequent PCRs.

2.12.2.

PCR condition

Briefly, the PCR reaction was carried out in a 50 µl final volume using 1x MyTaq Red Mix
(Bioline, BIO-25043), each primer at 10 pmoles concentration, diluted 2 µl cDNA template
and DNase/RNase-free water. The following cycling conditions were used: initial
denaturation at 95°C for 1 minute, 40 cycles with each cycle consisting of 95°C for 15
seconds, 55°C for 15 seconds and 72°C for 10 seconds and a final extension step of 72°C for
5 minutes. Table 2.11. Below shows the gene-specific primers used for the RT-PCR
screening.
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2.12.3

Quantitative Real-time PCR (qRT-PCR)

A total RNA extraction was performed using an RNeasy Plus Mini Kit (Qiagen, 74136),
according to the manufacturer’s instructions. The quantity and quality of the RNA was
measured by a NanoDrop ND-1000 spectrophotometer. The integrity of the RNA was
analysed using a denaturing agarose gel or Biorad’s Experion™ Automated electrophoresis.
To set up the reaction, an RNA concentration of below 1000 ng/µl was used; if it was more
concentrated, then the RNA was diluted with nuclease free water and measured again to avoid
pipetting errors due to low volumes. First, the reaction for the cDNA synthesis was set up in
reverse transcriptase reactions using 1 µg of the total RNA: with a superscript III Quantitect
Reverse Transcription kit (Qiagen, 205310), following the manufacturer’s instructions.
The real-time PCR reactions were performed in triplication in a total volume of 20 µl on a
CFX96 RealTime System C1000 Thermal Cycler (Bio-Rad) using a Life technologies
Taqman Gene expression Master mix (usually 2x concentration #4369016 kept at 2-8 degrees
out

of

light

(for

detail

method

please

refer

to

following

https://tools.lifetechnologies.com/content/sfs/manuals/cms_039284.pdf).
Amplify genes of interest using Taqman 20x primer assays
(https://bioinfo.appliedbiosystems.com/genome-database/gene-expression.html). To
normalise results, two endogenous reference genes were used (Table 2.9.)

Table 2.9. Taqman probe primer sets.

qRT-PCR Primers
Gene

Name

Thermo Fisher

β-Actin

Hs99999903_ml

Thermo Fisher

GAPDH

Hs99999905

Thermo Fisher

SPO11

HS00173288

Thermo Fisher
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2.12.4.

RNA /DNA quantification

To determine the quantity and quality of the RNA, DNA samples, a NanoDrop 2000c UV-Vis
Spectrophotometer was used. The concentration (in ng/µl) of the sample was calculated using
the absorption value at 260nm multiplied by 40 (the constant for RNA), while the sample
purity was determined by the ratio of absorption at 260nm to 280nm, with a value of 2.0
indicating a pure RNA/DNA sample.

2.13.

Agarose gel electrophoresis

For the 1% gel, 1 g of agarose powder was melted in 100 ml of Trs-Borate-EDTA buffer
(TBE x 1) by boiling in a microwave for 3 minutes. The Solution was allowed to cool before
adding 5 µl of the peqGREEN DNA/RNA dye (Peqlab, 37-5000) to the melted agarose
solution. The gel was poured into a casting tray containing plastic combs to create wells for
sample loading. Usually, a comb forms 20 wells. Upon cooling, the gel polymerized and the
combs were removed in order to place the gel in the electrophoresis tank containing the TBE
buffer (1x). Before loading, the DNA samples were mixed with 6x loading dye alongside an
appropriate size marker, either the Hyperladder I Kb or, for smaller products, the Hyperladder
II, Hyper ladder IV (Thermo Scientific). The duration of the electrophoresis varied depending
on the size and percentage of the gel, but typically, it lasted between 1 hour and 1.5 hours.
Once migrated, the bands are then visualised using the Chemido up Imaging Systems (Biorad)
machine and sizes are determined by comparing them against the DNA ladder Bio-Rad.

2.14 Sample preparation, extraction of cytoplasmic and nuclear protein
A 1:1 mixture of hypotonic buffer (50 mM Tris-HCl pH 7.4, 0.1 M sucrose, 1 mM AEBSF
with one complete mini, EDTA-free protease inhibitor cocktail tablet/10 ml) and an equal
volume of lysis buffer C (1% Triton, 10 mM magnesium chloride, 1 mM AEBSF with one
complete mini, EDTA-free protease inhibitor cocktail tablet/10 ml) was used for cell lysis.
Subsequent to the lysis, the mixture was incubated on ice for 30 minutes. Post centrifugation
at 6000 g for 2 minutes, the supernatant that contained cytoplasm was transferred to a new
tube. The lysis buffer N [(50 mM Tris-HCl pH 7.4, 100 mM potassium acetate (KAc), 1 mM
AEBSF with one complete mini, EDTA-free protease inhibitor cocktail tablet/10 ml)] was
used to resuspend the nucleus containing cell pellet. Using a Pierce® BCA Protein Assay Kit
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(Thermo Scientific, 23227), the protein concentration was determined in both the cytoplasmic
and nuclear fractions.To the cytoplasmic and nuclear extracts, an equal volume of sample
buffer, Laemmli 2× Concentrate, was added and the lysates were boiled at 100°C for 5
minutes.
2.15 Western blotting
The whole cell-lysates were prepared from cells by using an M-PER lysis buffer (utilizes a
proprietary detergent in 25 mM bicine buffer, pH 7.6; Thermo Scientific, 78503),
supplemented with a Halt Protease Inhibitor Cocktail (Thermo Scientific, 87785) and a Halt
Phosphatase Inhibitor Cocktail (Thermo Scientific, 78420) as per the manufacturer's
instructions. A BCA Protein Assay Kit (Thermo Scientific, 23227) was used to determine the
concentration of total proteins. Approximately 30 µg of the total protein extract was used.
Western blotting method was used to determine molecular weight and relative amounts of the
specific protein in given sample of tissue homogenate. A 4x Bolt LDS Sample Buffer (Life
Technologies, B0007) and a 10x Bolt Sample Reducing Agent (Life Technologies, B0009)
were added to the 30 µg of protein and subsequently denatured at 70°C for 10 minutes before
it was subjected to electrophoresis on the Bolt 4-12% Bis-Tris Plus Gel, 15 well (Life
technologies, BG04125BOX) using a Bolt MES SDS Running Buffer (Life Technologies,
B0002). A protein ladder (Precision Plus Protein Dual Color Standards, Biorad, 1610374) was
also included on the gel to determine where the desired proteins migrated during the process
at 100 V for 1 hour. The gels were electro-blotted onto a methanol-soaked PVDF membrane
(Immobilon-P, Millipore, IPVH00010) at 500 mA for 2 hours in a 2x Towbin buffer (380mM
Glycine, 50 mM Tris). After the PVDF transfer, the membranes were blocked with 5% milk
in PBS/0.5% Tween 20 at 4°C for an hour. The blocked membranes were probed with the
primary antibodies (see Table 2.10.) in 5% milk/PBS/0.5% Tween 20 at 4°C overnight. When
the monoclonal antibodies were used, the membranes were washed three times each for 5
minutes with 5% milk/PBS/0.1% Tween 20. When the polyclonal antibodies were used, the
membranes were washed with 5% milk PBS/0.5% Tween 20 at room temperature. After
washing, the membranes were incubated with their corresponding secondary antibodies (see
Table 2.11.), which were diluted appropriately at room temperature for 1 hour followed by a
10 minute wash in a milk solution and an additional three washes of 10 minutes each in
PBS/0.1% Tween 20 (monoclonal antibodies) or PBS/0.5% Tween 20 (polyclonal antibodies)
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at room temperature. A Pierce ECL Plus Western Blotting Substrate (Thermo Scientific,
32132) and CL-X Posure Film (Thermo Scientific, 34091), an enhanced chemiluminescence
detection system, was used for antibody detection, by following the manufacturer’s
instructions.

Table 2.10. List of Primary Antibodies for WB.

Primary Antibody

Cat.no.

Host

Dilution

Clonality

Source

SPO11

Ab81695

Rabbit

1:1000

Monoclonal

Abcam

Anti-Tubulin

T6074

Mouse

1:8000

Monoclonal

Sigma

GAPDH

Sc365062 Mouse

1:3000

Monoclonal

Santa Cruz

BLOOM

130314

Goat

1:150

Polyclonal

Santa Cruz

Lamin B

Sc6217

Goat

1:1000

Polyclonal

Santa Cruz

MAGEC

Ab61404

Mouse

1:500

Monoclonal

Abcam

Cleaved-Caspase 3

9664

Rabbit

1:1000

Monoclonal

Cell signalling

GST (91G1)

54755

Rabbit

1:1000

Monoclonal

Cell signalling

Table 2.11. List of Secondary Antibodies for WB.

Secondary

Antibody Source

Host

Cat.no.

Species

Conjugate

Dilution

reactivity

7074

Cell Signalling

Goat

Rabbit

HRP

1:3000

7076

Cell Signalling

Hours

Mouse

HRP

1:3000

A5420

Sigma

Rabbit

Goat

HRP

1:3000
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2.15.1 Source of human normal tissue lysates

Human normal lysates were provided from a different company as described in Table 2.12.
Table 2.12. Source of normal lysates used in western blot.
Normal tissues

Source

Cat. No.

Protein amount

Testis

Abcam

Ab30257

20 µg

Thymus

Abcam

Ab30146

20 µg

Skeletal muscle

Abcam

Ab29331

20 µg

Small intestine

Abcam

Ab29276

20 µg

Ovary

Abcam

Ab30222

20 µg

Colon

Abcam

Ab30051

20 µg

Breast

Abcam

Ab30090

20 µg

Testis

Novus Biological

NB820-59266

20 µg

Lung

Novus Biological

NBP2-27734

20 µg

Ovary

Novus Biological

NBP2-28454

20 µg

Liver

Novus Biological

NBP2-29220

20 µg

Colon

Novus Biological

NBP2-28208

20 µg

2.16 Senescence staining
A single cell suspension of SW480 colonosphere cells at a concentration of 1x105 cells were
grown in 10 ml of serum-free stem cell medium by plating cells onto 10 cm-diameter ultralow culture dishes. The SPO11 siRNA and negative control siRNA was used at a final
concentration of 5 nM. Using HiPerFect Reagent, transfection was carried out, according to
the manufacturer’s instructions (see Section 2.3). Post 4 and 8 days of the incubation, the
transfection complexes were reapplied. On day 10 of the incubation, the cells were stained
and observed. The media was changed on days 4 and 8 of the incubation. Senescence staining
was performed using a β-galactosidase staining kit (Cell Signaling, 9860), following the
manufacturer's protocol.
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2.17

Gene deletion experiment

Each of the wells of the 6-well plates were seeded with HCT116 TetOn3G cells at a density
of 1X105 cells per well. Post 24 hours, the cells were transiently transfected with a 1 µg pCasGuid (gRNA 2 vector) (GE 100002) Origene (Sequences 3'-CGGGCTGCCTCCTAGTGTTG
-5') in 250 µl of opti-MEM I. 1 µg of the donor DNA plasmid (Figure 2.4) was added into the
same 250 µl of opti-MEM and then gently vortexed. The gRNA vectors and scramble control
were taken in separate tubes and the transfection was done using the Xfect transfection
reagent (Clontech, 631317) according to manufacturer’s instructions. For the experiment, the
cells were split and placed into 4x10 cm plates. The cells were subject to hygromycin
selection (Clontech, 631309) for 10 days at a concentration of 600 µg/ml. After selection, the
resistant colonies were selected using a cloning cylinder, and from that, the cultures were
expanded. This was followed by a genomic DNA extraction using a DNeasy blood & tissue
kit (Invitrogen, 69506), a protein extraction, freezing down the cells and storage. Each
extracted genomic DNA sample was then analysed using PCR. In each sample, a targeted
region was amplified using primers flanking the targeted regions (Table 2.13.). Wild type and
truncated genomic fragments were resolved by gel electrophoresis and sequenced.
Furthermore, an RT-PCR was performed for the quantification of copy numbers of targeting
regions using primers across different targeting sites.
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Figure 2.4: Donor vector Blu Heron pUC MinusMCS map. Adapted from BluHeron the Gene
Synthesis Company.
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Table 2.13. List of PCR Primers using for gene deletion experiment.

Gene

SPO11

2.17.1

Primer

Primer Sequence

Melting

Product

Temperatur

Size

e (°C)

(bp)

F (Exon 1)

5'-GACTGGATCCATGGCCTTTGCACCTAT-3'

55

1191

R (Exon 13)

5'-GACTGGATCCTTATATCCATCCTCCAA-3'

F (Exon 1)

5'-AAACGTCGAAGAACGAGGCC-3'

55

625

R (Exon 6)

5'-GCA CCA CAG GTA CAA TTC AC-3'

F (exon 3)

5'-CAGAAAGATCAAAAGTGATT-3'

55

728

R (Exon 12

5'-CCC TTT TTG TCA GTG GAA TC-3'

F: Exon (1)

5'-ATGGCCTTTGCACCTATGGG-3'

58

863

R: Intron (1)

5'-GTGGTTGGTTTGGGCTTAAA-3'

F: 5'UTR

5'-CGAGGGCTGGGATTTTAACC-3'

58

680

R: Exon (1)

5'-AACGTCGAAGAACGAGGCC-3'

F: 1693

5'-CGCAGCCACTCTGTAGAAA-3'

58

100

R: 1820

5'-ACGGGTACTCAGGAAGGAT-3'

F: 5'UTR

5'-CGAGGGCTGGGATTTTAACC-3'

R: intron (1)

5'-GTGGTTGGTTTGGGCTTAAA-3'

58

F: Hygr

5'-AGAAGTACTCGCCGATAGTG-3'

58

1300

R: Intron (1)

5'-GTGGTTGGTTTGGGCTTAAA-3'

F: 5'UTR

5'-CGAGGGCTGGGATTTTAACC-3'

58

2100

R: Hygr

5'-CTGAAAGCACGAGATTCTTC-3'

B-Actin F

5'-TGCTATCCCTGTACGCCTCT-3'

B-Actin R

5'-CGTCATACTCCTGCTTGCTG-3'

1500

553
58

Hygromycin selection

HCT116 was seeded into 6-well plates in McCoy’s 5A medium + GLUTAMAXTMTM
supplemented with 10% Tet system. The cells were incubated in a humidified incubator at
37oC and 5% CO2 until the cell density reach the confluent stage. Seven doses of Hygromycin
from 100 to 700 µg together with untreated cells were tested to optimise the minimum dose of
Hygromycin required to kill all cells after 3-5 days. The lowest optimum dose chosen for
single colony selection was 600 µg/ml.
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2.17.2 Creating Standard Curves with Genomic DNA or Plasmid DNA Templates for Use in
Quantitative PCR

Genomic DNA (gDNA) and plasmids containing cloned target sequences are commonly used
as standards in quantitative PCR. This calculations that can be used for determining the mass
of gDNA and plasmid templates that correspond to copy numbers of target nucleic acid
sequences. For detail method refer to following link:
http://www6.appliedbiosystems.com/support/tutorials/pdf/quant_pcr.pdf

2.18 Use of inducible shRNA system to knockdown gene expression
This system is used for controllable and specific gene silencing with every cell being targeted.
Knockdown is achieved by using a microRNA-adapted short hairpin RNA (shRNA)
specifically designed by ThermoFisher to target the X region within the SPO11 gene with
pTRIPZ lentiviral inducible vectors. Since this vector is configured to be a Tet-On system, the
shRNA sequence expression is regulated by the presence of doxycycline.
2.18.1. Transduction, colony selection and induction of shRNA-molecules

HCT116 cells were used to carry out the transduction. Cells were seeded in 96-well plates
with 1000 cells/well. Different concentrations of the virus were then added to the cells and
tested alongside different induction times. The optimum exposure time to the virus was
established as 4 hours, and then finally, the virus addition was done. A polybrene of 8 µg/ml
(Sigma, H9268) was added to the transduction reaction. After 72 hours, the cells were washed
and incubated with a fresh medium containing 4 µg/ml puromycin. The process was repeated
every 3 days. After 2-3 weeks, the resistant colonies were selected, picked and grown
independently. shRNA molecules were induced by the addition of 1 µg/ml doxycycline. The
efficiency of knockdown was tested by RT-PCR. Table 2.14 showes shRNA target sequences.
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Table 2.14. shRNA target sequences.
shRNA

Clone ID

Target Sequence

Target area

SPO11 (1)

V3547699-

5'-GTATCCCACAGTTTCTTGA-3'

EXON (9)

5'-ATGCACATTATTTCTATGC-3'

EXON (10)

5'-TGTCAGTGGAATCAAACTA-3'

EXON (12)

227203523
SPO11 (2)

V3547699227769143

SPO11 (3)

V3547699228235763

Negative

VSC6571

Proprietary

control
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3. siRNA depletion of SPO11 on cancer cell proliferation
3.1 Introduction
One of the key features of cancer cells is their ability to divide in an uncontrollable manner.
There are a number of factors that contribute to this cell division, including genetic changes,
metabolic alteration and microenvironment interactions (Hirohashi et al., 2016). Some human
meiosis-specific genes have been shown to be expressed in human cancer cells (Koslowski et
al., 2002). While germ-line genes can influence the regulation of meiotic cell division, their
expression in human cancer cells can also reveal a potential role for CTAs in the progression
of cancer (McFarlane et al., 2015). Thus, the activation of germ-line genes in mitotic cells
might be one of the contributing factors governing genome instability in these cells, which is
a hallmark of cancer (Hanaha & Weinberg, 2011).
Although the literature proposes that CTA gene expression may play a role in the formation
of a tumour, the exact role that many of these proteins play in this process is yet to be fully
elucidated (Whitehurst, 2014). To date the MAGE protein family has been the most
extensively studied of the CTA proteins. It has been reported that MAGE proteins contribute
to the survival of a cell, increase malignancy progression and promote its tumorigenic
properties (Bai et al., 2005; Doyle et al., 2010). Furthermore, in melanoma cells, siRNA
depletion of some CTAs, such as GAGE, SSX4 and XAGE1, causes tumour cell viability
decline (Caballero et al., 2013). The effectiveness of XAGEI depletion was observed to be
consistent in various cancer cells, including melanoma cell lines, lung adenocarcinoma and
prostate cancer (Caballero et al., 2013).
Studies showing CTA gene overexpression has further supported the idea that these genes are
oncogenic (Xu et al., 2007; Zhou et al., 2010). They indicate a relationship between tumour
growth, cell proliferation and the overexpression of CTA genes in cancerous cells. Zhou et al.
(2010) demonstrated that reducing the TSP50 levels in murine embryonal carcinoma stem
cells by 70% using a shRNA technique had a negative effective on cell growth, and resulted
in apoptosis of these carcinoma cells. Additionally, Maxfield et al. (2015) used of siRNA
methodology in order to silence many CTA genes (over one hundred) which were expressed
in a wide range of cancer cell lines (derived from prostate, breast, ovarian, skin, non-small
cell lung cancer and bone tumours). To demonstrate many CTA genes are needed for cancer
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cell viability. As previously mentioned the basic property of CTA genes is their restricted
expression in human germ cell lines and malignant cells, with little or no expression in
healthy somatic cells (Cheng et al., 2011; Hofmann et al., 2008; Simpson et al., 2005;
Whitehurst et al., 2014). Some CTAs are normally involved in spermatogenesis and in the
testes, and different stages of spermatogenesis can be identified by observing the expression
patterns of these CTAs. For example, SPO11 functions during early reduction division in
meiosis and NY-ESO-1 or MAGE-A can be detected in spermatogonia having mitotic clonal
prevalence (Simpson et al., 2005).
In normal SPO11 is a meiosis-specific gene, and the SPO11 protein initiates meiotic
recombination by cleavage of double-strand DNA (see Section 1.2.3 in Chapter 1), which
helps, mediate chromosome alignment during meiotic homologous synapsis (Lam & Keeney,
2014). The transcripts for mouse Spo11 and human SPO11 genes are only normally present in
adult testes, but not in other somatic tissues (Koslowski et al., 2002)). However, RT-PCR and
northern blot techniques in addition to data-mining the NCBI GenBank for expression
patterns in tumorous and somatic tissues have previously identified SPO11 as a potential CTA
gene (Koslowski et al., 2002). Koslowski et al. Showed that the SPO11 gene was not
expressed in various non-testicular normal tissues, including liver, lung and ovary, but it was
expressed in one melanoma cell line, two cervical cancer cell lines and two lung melanoma
cell lines. Additionally, SPO11 was found to be expressed in malignant cell lines of the
prostate, colon and ovary in humans (Koslowski et al., 2002).
It is hypothesized that the SPO11 gene may play a critical role in controlling the genome
stability of cancer cells and that it is necessary for stimulating and maintaining the oncogenic
processes. The aim of the work described in this chapter was to assess SPO11 protein levels
in both normal and cancer cells in order to confirm SPO11 as a CTA gene. In addition, the
study was investigated what happens to colorectal cancer cells when a level of SPO11 was
reduced to address the question of whether SPO11 is required for cancer cell proliferation.
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3.2 Results
3.2.1 Protein levels of SPO11 in normal tissue and cancer cells

The expression of the SPO11 gene in the testes under normal conditions has been shown
using data from a northern blot analysis (Romanienko & Camerini-Otero, 1999). SPO11 was
also identified as a possible CTA gene in normal and cancer cells on the basis of the results of
a RT-PCR (Koslowski et al., 2002). Here the aim to assess whether SPO11 is a CTA by
analysing protein distribution in normal and cancer cells. This study used the anti-SPO11
antibody ab81695; validation of this antibody was achieved using three different techniques;
SPO11 depletion by siRNA in this chapter (Section 3.2.4), gene deletion by the CRISPR
system (see Chapter 5) and the production of recombinant SPO11 in E. coli (see Chapter 6).
Whole cell extract (WCE) were generated from 17 different cancer cell lines and 14 normal
tissues, including the testis to detect the SPO11 gene expretion (this was done collaboratively
with Dr. F. Althobaiti and Dr. I. Aldeailej). For a CTA control, anti-MAGE-C1 antibodies
were used, while anti-GAPDH was used as a loading control. Using the anti-SPO11 antibody,
a band of 44 kDa was observed in whole cell extracts, which is consistent with the predicted
size for SPO11β. However, SPO11 was not detectable in the normal tissues, except for the
spinal cord for which there was a smear that was a smaller size than expected for SPO11β or
α (Figure 3.1). Western blots of cancer cell lines, including lung, liver, colon, breast, ovary,
astrocytoma, embryonal carcinoma and melanoma, had a band that showed the correct size for
SPO11 β at high levels for all cell lines (Figure 3.2).
3.2.2 Subcellular localisation of SPO11 protein in cancer cell lines

Western blot was used to determine the localisation of the SPO11 protein in proliferating
cancer cells. The fractionation of cells into cytoplasm and nuclear extracts was carried out for
the cell lines NTERA2, HCT116, G361, A2780, LoVo, PE014 and TO14 (this was done
collaboratively with Dr. I. Aldeailej). SPO11 protein was present at low levels in the
cytoplasm, but was found at high levels in the nucleus for almost all cells (Figure 3.3). In
HCT116 cells, no cytoplasmic SPO11 was detected, but a strong nuclear band was observed.
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Figure 3.1: Western blot analysis of SPO11 in normal tissues(Testis, Brain cerebellum, Brain,
Spinal cord, Liver, Prostate, Salivary gland, Skeletal muscle, Thymus, Uterus, Small intestine,
Stomach, Ovary). Anti-MAGE-C1 was used as a CTA control and anti-GAPDH was used as a
control for loading. Anti-SPO11 indicated a band consistent with SPO11β only in the testis extract. A
low molecular weight band is seen in spinal cord extract.
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Figure 3.2: Western blot analysis of SPO11 in cancer cell lines(Embryonal carcinoma,
Astrocytoma, colon, Lung, liver, Breast, Ovary, Melanoma). Anti-GAPDH was used as a control
loading and MAGEC1 was used as a CTA control, present in melanoma and one of the ovarian cancer
cell lines; A band consistent with SPO11β is present in all cell lines.
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Figure 3.3: Western blots analysis of the intracellular localisation of SPO11 in different cell lines
(LoVo, HCT116, Melanoma, Embryonal Carcinoma, Ovary (PE014, A2780 and T014). AntiTubulin and anti-Lamin B antibodies served as positive controls for checking the efficiency of the
fractionation; anti-GAPDH was used as a loading control. A band consistent with SPO11β was present
in the nucleus of all cells, and lower levels were observed in the cytoplasm in most cells, except
HCT116 where SPO11 was only detected in the nucleus extract.
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3.2.3 Immunofluorescence analysis of SPO11 in SW480 cells

To confirm the western blot analysis, and to identify any sub-nuclear structures that SPO11
might localise to, immunofluorescence (IF) analysis was carried out on SW480 cells. The
SPO11 staining results showed that SPO11 is localised in the nucleus as discrete foci (Figures
3.4 and 3.5). A dispersed SPO11 nuclear localisation is seen in interphase cells (whilst this
was weak in these figures colleagues in the team observed extensive nuclear stain). As cells
progress in to mitosis SPO11 is seen as foci associated with areas surrounding the DNA
(during metaphase), while appearing in the interchromosomal space between segregating
chromosomes in anaphase. A preliminary literature search for proteins involved in
segregating entangle chromosomes, that might localize to this inter-chromosome space in
anaphase flagged up the Bloom (BLM) protein. BLM plays an important role in controlling
homologous recombination (HR), repairing DSBs and dissolving double Holliday junctions
(dHJs) (Kikuchi et al., 2009; Wu & Hickson, 2003). BLM functions to dissolve chromosome
catenations in conjunction with a topoisomerase activity (topoisomerase IIIα) (Leonard et al.,
2000). As SPO11 is a topoisomerase-like protein, and the fact that SPO11 localized to the
interchromosomal space in anaphase led to the hypothesise that SPO11 could potentially act
in conjunction with BLM in cancer cells, possibly in a topoisomerase-like fashion. Therefore,
the SW480 cells were co-stained with antibodies against SPO11 and BLM. This revealed that
SPO11 and BLM had and overlapping distribution pattern, and in fact appear to co-localise
between segregating chromosomes in anaphase (Figures 3.4). Since SPO11 and BLM colocalize it could propose that SPO11 is co-operating with BLM to help disentangle abnormal
chromosomal connections and help the cancer cells continue to divide. From this result, the
hypothesis was that SPO11 depletion using siRNA might inhibit chromosomal segregation
and prevent cell division (see Section 3.2.4).
During the SPO11/BLM co-localization studies, two strong SPO11-specific stained foci were
observed where the centrosome was expected to localise, which did not co-localize with BLM
(Figure 3.4). Based on this observation, SW480 cells were co-localized with SPO11 and
various centrosome specific antibodies; Pericentrin (PCNT) and Plk1-interacting checkpoint
helicase (PITCH), and SPO11/PCNT/Plk-1 co-localization is observed at the centrosomes
(Figures 3.5 and 3.6).
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Figure 3.4: IF staining analysis of SW480 cells staining with anti-SPO11 and anti-BLM
antibodies. IF analysis of fixed SW480 cells enabled visualisation of proteins during metaphase and
anaphase. The anti-SPO11 antibody is stained green. The anti-Bloom is stained red. The DNA is
stained with DAPI blue. A Zeiss LSM 710 confocal microscope with a 40 x oil objective was used to
obtain the images. Scale bars represent 20 µm. (a) and (b) represent images taken in distinct
experiments.
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Figure 3.5: IF staining analysis of SW480 cells stained with anti-SPO11 and anti-PITCH
antibodies. IF analysis of fixed SW480 cells enabled visualisation of proteins during anaphase. The
anti-SPO11 antibody is stained green. The anti-PITCH is stained red. The DNA is stained with DAPI
blue. A Zeiss LSM 710 confocal microscope with a 40 x oil objective was used to obtain the images.
Scale bars represent 20 µm.
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Figure 3.6: IF staining analysis of SW480 cells stained with anti-SPO11 and anti- pericentrin
antibodies. IF analysis of fixed SW480 cells enabled visualisation of proteins during anaphase. The
anti-SPO11 antibody is stained green. The anti- pericentrin is stained red. The DNA is stained with
DAPI blue. A Zeiss LSM 710 confocal microscope with a 40 x oil objective was used to obtain the
images. Scale bars represent 20 µm.
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3.2.4 SPO11 controls the mitotic proliferative potential of cancer cells

To understand whether SPO11 can function in a non-meiotic context in cancer cells, siRNA
was employed to deplete the SPO11 mRNA. The objective of the knockdown technique is to
analyse the impact that a decrease in a particular protein has on any cell line. This technique
also helps in the validation process of the antibody used in the western blots and
immunofluorescence (IF) techniques. Two primary siRNAs were utilised for this purpose:
siRNA-2 and siRNA-4. This work was conducted in close collaboration with a lab colleague
(Dr. F. Althobaiti) and all analyses were consistent. SW480 cancer cell line was used in this
study and also a lab colleague used multiple other cell lines, which showed similar result, so
the work presents here is further validated (unshown data generated by Dr. F. Althobaiti and
Dr. Ellen Vernon).
Many attempts to reduce the level of SPO11 protein in various cancer cells using different
concentrations of siRNA, were performed as well as different numbers of “hits” (number of
times the cells are transfected with that particular siRNA), but all these conditions appeared to
have no effect on the intensity of the SPO11 44 kDa band on a western blot (not shown).
Therefore, it could be proposed that the siRNAs used in this study did not specifically target
SPO11, or the anti-SPO11 antibody was not specific.
With this in mind it was decided to investigate these points further. Firstly, the study was used
different cell seeding density for transfection with various siRNAs to determine whether this
had an effect. At this point it was observed that treatment with SPO11-specific siRNA led to
the detachment of many cells, and a large number of floating cells were obtained. Protein
extracts were previously taken from the cells that were still attached (not the floating cells).
Thus, it was hypothesise that the depletion of SPO11 using specific siRNA led to the
detachment of the cells and the remaining attached cells retained SPO11 if they were
unaffected by the siRNA treatment. This hypothesis was investigated further here. Different
numbers of SW480 cells (25 x 103, 50 x 103, 75 x 103 and 100 x 103 cells per well) were
placed in cultured wells before transfection with SPO11 siRNA. After 24 hours posttransfection, 7 hits of siRNA-2 and siRNA-4 were applied to knockdown SPO11. Attached
and floating cells were collected separately.
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The SPO11 protein level was assessed by western blot using the anti-SPO11 antibody and in
these experiments the level of SPO11 protein was measurably decreased in attached cells
when low cell seeding concentrations were used, especially at 25 x 103 cells per well (Figure
3.7). For the floating cells, significant SPO11 knockdown was observed with all seeding
densities of SW480 cells (Figure 3.7).
Dead floating cells were generated by hydroxyurea (HU) treatment, in order to determine
whether all detached cells (siRNA targeted or not) were depleted of SPO11. These HU treated
floating cells were found to contain SPO11 protein (Figure 3.8), which indicated that
detachment alone was not reducing SPO11 protein level; similar data were obtained by a
colleague used distinct siRNAs.
To gain insight into whether SPO11 is requiring for cancer cell survival a cell proliferation
analysis was carried out on SW480 treated with SPO11 siRNA. The cells were seeded in 6well plates with 25 x 103 per well, after 24 hours, the cells were transfected every day for 8
days with the either siRNA-2 or siRNA-4; a non-interfering siRNA served as the negative
control. The cells were harvested during 8 days and then counted and trypan blue was used to
stain the membranes to count dead cells. The counting of the cells was done using a
haemocytometer under an optical microscope. The cell count curves represent the total
number of cells (Figure 3.9). The results indicate that the number of surviving cells
transfected with siRNA-2 and siRNA-4 is less than the number of surviving cells in the
untreated group and the group treated with non-interfering siRNA. Images taken of the cell
line before harvesting are shown in (Figure 3.10) confirmed the effect of SPO11 decrease on
cell proliferation, similar results were observed by colleague uses distinct siRNAs.
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Figure 3.7 Western blot analysis showing siRNA SPO11 knockdown in attached and floating
SW480 cells using siRNA-2 and siRNA-4. Untreated cells were positive controls, and cells treated
with non-interfering siRNA were negative controls. GAPDH protein levels were used as the loading
control (bottom). The experiment was performed on (25 x 103 cells) SW480 cells using HiPerFect
transfection reagent (7 hits). (A) Knockdown of SPO11 was detected in attached SW480 cells
compared with the negative or positive controls. Also, successful SPO11 knockdown was seen and full
depletion of SPO11 was found when the protein was collected from the floating cells with the use of
siRNA-2 and siRNA-4. (n=2) for the total number of cells.
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Figure 3.8 Western blot analysis showing Floating cells with hydroxyurea (HU). Floating cells
were induced with hydroxyurea (HU) reagent and the level of SPO11 was compared with that of the
attached cells (Dr. F. Althobaiti assisted with these western blots).
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Figure 3.9. SPO11 is required for the proliferation of SW480 cells. The depletion of SPO11
mRNA caused by siRNA inhibits SW480 cell proliferation. Untreated SW480 cells served as
positive controls and cells treated with non-interfering siRNA served as negative controls for SPO11
knockdown. The error bars represent the standard error for the total number of cells, as calculated for
three repeats (****P < 0.0001). (n=2) for the total number of cells.

Untreated

Non-interfering

SPO11 siRNA-2
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Figure 3.10. The proliferation of SW480 cells. Cell images taken before trypsinization to assess the
cell density on day 8 using an Eclipse-inverted microscope (5 x lens). (n=2) for the total number of
cells.
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3.2.5 SPO11 knockdown does not induce apoptosis

Since reduced number of cells and reduced protein level were observed following SPO11
knockdown, it was necessary to examine whether cells undergo apoptosis in response to
SPO11 depletion. Apoptosis is programmed cell death that is a controlled and regulated
process that plays significant role in the healthy development of organisms. A number of
changes are initiated in the cells undergoing apoptosis, including caspase activation. By
evaluating the levels of these caspases, the degree of apoptosis can be assessed (Chudhury et
al., 2012). In this study, the assessment of the caspase-3 protein levels was done after SPO11
depletion using different siRNA. GAPDH protein was used as a control for testing the quality
of whole cell extract loading. Assessment of the response to apoptosis was done through
caspase-3 cleavage in the SW480 attached cells (Figure 3.11). No cleavage was identified
after the SPO11 knockdown from siRNA-1, siRNA-2 and siRNA-4, so no measurable caspase
dependent apoptosis was observed, also with untreated and non-interference cells. Uncleaved
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Figure 3.11: Western blot detection of cleaved caspase-3. Analysis of extracts from Jurkat cells
untreated (negative controls); SW480 cells treated with siRNA-1, siRNA-2 and siRNA-4. GAPDH
protein levels were used as a loading control (bottom) and Jurkat cells extract cytochrome c was used
as a positive control. No apoptosis was observed as determined by the detection of cleaved caspase-3.
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3.2.6

Colonosphere culture

Tumours are a mixture of different cell types. Because they are heterogeneous in nature, the
cells are known to have different functions (reviewed in Meacham & Morrison, 2013). CSCs
give rise to tumours, which are phenotypically heterogeneous population cells that called the
tumour microenviroment (TME). These cells supported by an extracellular matrix (ECM)
involve signaling molecules as cytokines, hormones and growth factors (Raggi et al., 2015).
If the cancer stem cell (CSC) model is followed, tumours are comprised of a subpopulation of
cells resembling stem-like cells, which are capable of undergoing proliferation and
differentiation into heterogeneous lineages of cancer cells (reviewed in Clevers, 2011; Magee
et al., 2012). CSCs have been detected in a wide range of tumours (O’Brien et al., 2007;
Ricci-Vitiani et al., 2007). The presence of CSCs might lead to the reappearance of tumors
following radiotherapy or chemotherapy (Alison et al., 2011; Beck & Blanpain, 2013; Stange
& Clevers, 2013). The non-adherent sphere assay is a technique used for isolating and
enriching CSCs. In this assay, the ability of the cells to undergo growth proliferation as
floating spheres is evaluated under non-adherent and non-differentiating conditions (Sukach
& Ivanov, 2007). There are a number of common properties between CSCs and sphereforming cells: both express high level of stemness markers, both can self-renew, both have a
strong resistance to radiation and chemotherapy compared with cells grown as adherent cell
lines (Zhong et al., 2010). These properties make the assay useful for characterising CSCs
and calculating their frequency (Kanwar et al., 2010). Moreover, the cells that are cultured
under conditions free of serum resemble the original tumours rather than the traditional cell
lines cultured in serum (Lee et al., 2016).
The SPO11-positive HCT 116 and SW480 cell lines were used to derive colonospheres.
Colonospheres are enriched for cancer stem-like cells. The culture of the cells was first done
in a growth medium in which the Fetal Bovine Serum (FBS) served as a monolayer of flat
polygonal epithelial-like cells, and then in a stem cell medium (SCM) that was supplemented
with growth factors, Basic fibroblast growth factor (bFGF) and Epidermal growth factor
(EGF). The cells were found to retain a round morphology under serum-free culture
conditions. The cells also remained unattached to the surface of the culture dishes and formed
spheres after 6 days (Figure 3.12).

87

Chapter 3: Results
The colonospheres demonstrated the capacity for long-term self-renewal and could, therefore,
generate secondary colonies. Recording the cell passage numbers was performed as follows:
the first number represented the number of passages of the parental culture in the
DMEM/FBS medium, while the second number represented the number of passages in the
SCM. Western blot analysis was useful for confirming that both the parental cells and the
spheres derived from this cell line produced a detectable level of SPO11 protein and HCT116
and SW480 cells grown as monolayers or spheres had the same levels of SPO11 (Figure
3.13).
3.2.7 Self-renewal potential of HCT116 colonosphere cell transfected with SPO11 siRNA-2 and
siRNA-4

An extreme limiting dilution assay (ELDA) (Hu & Smyth, 2009) was undertaken to determine
the ability of sphere derived HCT116 cells to undergo self- renewal and eventually form
spheres under conditions of siRNA-induced SPO11 depletion or in the presence of SPO11.
HCT116 cells passage P13.20 was used for the analysis. The cells were cultured as
clonospheres colonies then were seeded in dilutions of 10, 100 and 1000 cells per well using
96-well plates. After 24 hours, the cells treated with HiPerFect Transfection reagent and the
non-interfering which used as a negative control for SPO11 siRNA2 and 4. Also, cells images
were taken after 10 days using a light microscope to observed any changing in cell selfrenewal and proliferation.
The renewal of HCT116 sphere cells treated with siRNA-2 and 4 were significantly reduced
compared with the negative control (Figure 3.14/3.15 A; conducted collaboratively with Dr.
F. Althobaiti). When comparing untreated HCT116 sphere cells to non-interfering or
HiPerFect treated cells, no significant difference was detected (P > 0.05) in the self-renewal
frequency. Conversely, significant differences were detected between the non-interfering and
the SPO11siRNA2+4 transfected cells (P < 0.05) (Figure 3.15 A, B). The number of HCT116
sphere cells that survived after SPO11 depletion was much lower compared with the negative
control and untreated (Figure 3.14 B).

88

Chapter 3: Results
3.2.8 Knockdown of SPO11 results in quiescent-like state

According to the ELDA assay, few spheres were formed after the SPO11 knockdown. This
was the reason why it was important to determine whether senescence or apoptosis occurred.
No apoptotic response was observed as measured by the induction of caspase-3 cleavage
(Figure 3.16). The single cells plated in the proliferation assay remained present, and were
morphologically unchanged throughout the experiment (Figure 3.17).
The cells did not undergo senescence following SPO11 knockdown as assessed by lysosomal
senescence associated β-galactosidase activity (Figure 3.18). The inhibition of the
proliferation of the cells after SPO11 knockdown was reversible. After SPO11 knockdown,
single cells were transferred to fresh SCM; the cells showed signs of recovery and spheres
were formed (Figure 3.19).
The results of a western blot analysis on the SPO11 protein levels in SW480 colonosphere
cells that were transfected with different siRNAs demonstrated that the strongest reductions in
SPO11 protein were achieved using siRNA-1, siRNA-4 and siRNA-6 compared with GAPDH
(Figure 3.20). In addition, cells grown as spheres that transfected with siRNA were assessed
by RT-qPCR, Results were normalised to a combination of two endogenous reference genes
(GAPDH, and ACTB) the RT-qPCR analysis indicated that the SW480 cells that grew as
spheres after transfection with siRNA-2, and siRNA-6 showed a reduced level of SPO11
expression when compared with the negative control (Figure 3.21).
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Figure 3.12.Characterization of colonospheres. The cells formed spheres after 6 days also remained
unattached to the surface of the culture dishes
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Figure 3.13: Western blot analysis of SPO11 in colonospheres. Western blot analysis derived from
SW480 and HCT116 cells and their respective parental cells. Loading was controlled by GAPDH.
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Table 3.1: The colonosphere HCT116 cells -forming frequency in each treatment conditions.
Number of Wells Showing Colonospheres (HCT116 cells)
Number Number
Negative
of cells of wells SPO11 siRNA-2 SPO11 siRNA- Untreated
control siRNA
per well plated
transfected cells
4 transfected cells
transfected
cells
cells
Ultra-low Attachment Plate, HCT116 Cells, Passage Number P13.20
1000
12
11
12
12
12
100
12
7
8
11
11
10
12
5
6
12
11
Sphere-forming
1/157
1/55
1/13
1/14
frequency
1/33–1/75)
(1/105-1/29) (1/38–1/6) (1/32–1/7)
(95% CI)
P value*
4.15e-12

HiPerFectonly
treated
cells
12
11
11
1/14
(1/32–
1/7)

(B)
Colonosphere HCT116 cell

10 cells/well (Day 10)

100 cells/well (Day 10)

Colonosphere HCT116 cell

Figure 3. 14 Effects of SPO11 depletion on HCT116 cell self-renewal as determined by an
extreme limiting dilution analysis. (A) ELDA assay showing the influence of SPO11 knockdown on
the proliferation/ self-renewal (colony formaing ability) of HCT116 cells. cells transfected with
siRNA 2 and 4 for 10 days with 100, 10 cells/ml seeded respectively. Non-interfering and HiPerFect
transection served as negative control whereas untreated cells used as positive control. (B) The growth
of cells transfected with SPO11 siRNA 2 and 4 is affected compared with the growth of untreated and
non-interfering cells.

91

Chapter 3: Results
(A)

(B)

Figure 3.15 Effect of SPO11 self- renewal on HCT116 cells as determined by an extreme limiting
dilution analysis. (A) Comparison of cells transfected with SPO11 siRNA 2 and 4 to untreated and
non-interfering. Chisq indicates Chi-Square. DF refers to Degrees of Freedom. Pr(>Chisq) points
probability value. Pr(>Chisq) < 0.05 means the differences are significant. The results show that
transfected HCT116 cells with siRNA 2 and 4 result in significant affecte of self-renewal (B)
Influence of siRNA 2 (**: p<0.01) and siRNA 4 (*: p<0.01) knockdown on HCT116 cells compared
to non-interfering cells, which were used as a negative control.
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Figure 3.16: Western blot detection of cleaved caspase-3. No apoptosis was observed as determined
by the detection of cleaved caspase-3. Cytochrome c-treated Jurkat cell extract was taken as a positive
control.
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Figure 3.17. Clonospheres morphological after 10 days treatment. (A) a sphere formed from single
HCT116 cells after 10 days treatment with non-interfering siRNA (control condition). (B) Single
HCT116 cells that remain in culture after 10 days treatment with siRNA-4 the arrow points to a single
cell (×10 magnification).
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Figure 3.18 Senescence β-galactosidase staining of HCT116 colonospheres. There was a strong
positive staining for lysosomal senescence-associated β-galactosidase activity in the central area of
large spheres. However, the peripheral cell layer did not stain, nor did small spheres (the arrow show
the small spheres did not stain). Moreover, no staining was detected in the HCT116 sphere precursors
after the SPO11 knockdown.
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Figure 3.19: The cell growth inhibition induced by SPO11 knockdown is reversible. After SPO11
knockdown, arrows show remaining single cells that were transferred to fresh SCM in the absence of
siRNA recovered and formed spheres.
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Figure 3.20. Western blots of SPO11 protein levels in SW480 colonosphere cells transfected with
different siRNAs. The western blots of whole cell extract (WCE) using commercial anti-SPO11
antibody (ab81695) indicates a single band of the correct predicted size in SW480 colonosphere cells.
When the SPO11 protein level was compared with GAPDH, the strongest reduction in SPO11 protein
was seen after transfection with siRNA-1, siRNA-4 and siRNA-6.
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Figure 3.21. Gene expression data showing the level of SPO11 mRNA in SW480 colonosphere
cells transfected with different siRNAs. qRT-PCR analysis indicates that CRC cells grown as
spheres following transfection with negative siRNA, siRNA-2, and siRNA-6 showed a reduced level
of SPO11 compared with the negative control. To analyse the data, the Bio-Rad CFX manager was
used. The error bars indicate the standard error for the three replicates. Results were normalised to a
combination of two endogenous reference genes (GAPDH and ACTB).
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3.3 Discussion
CTA genes may have a crucial role in the progression of cancer, which might be involved in
the control of cell proliferation and cell division (McFarlane et al., 2014). Moreover, meiotic
CTA genes may contribute to cancer formation/maintenance for example, the synaptonemal
complex protein. SYCP3 has the ability to control cancer cells by forming a complex with
BRCA2 that inhibits HR (Hosoya et al., 2011). When these factors are targeted, the tumour
cells might be affected and the symptoms might be minimised, which could produce a cancer
specific treatment. Normal cell division is a highly regulated process and requires balance
between the activities of all the genes responsible for the promotion of cell proliferation and
suppression. Cancer occurs when there is a disruption in this balance and the cells divide in an
uncontrollable manner. In this chapter, evidence is presented indicating SPO11 has positive
effects on the proliferation of colorectal cancer (CRC) cells in vitro.
The objective of the work described in this chapter was to confirm that SPO11 is a CTA and
to understand the impact that SPO11 knockdown has on the proliferation of cells in cancer
cell lines. Moreover, the goal of this work was to have a clear insight in to the cellular
localisation of SPO11 in cancer cells. SPO11 was present in all of the different types of
cancer cells used in this study, including melanoma, lung, breast, colon, embryonic carcinoma
and astrocytoma cancer samples. These findings are consistent with the results of a previously
study that used northern blot analysis for exploring the gene expression of SPO11 in cancers
(Shannon et al., 1999). The results of the present study, as well as the results from the study
by Shannon et al. confirmed that SPO11 is a CTA. Gjerstorff (2016) and Hofmann et al.
(2008) pointed out that SPO11 is not only found in male germ cells, but may also be a CTA
Results of the present study proposed an oncogenic action of the SPO11 protein in cancer
proliferation, which suggested that there is chance of using SPO11 as a cancer biomarker and
treatment target.
In both cancer cells and normal cells, the balance between cell death and cell proliferation
plays a significant role in the overall functioning of normal tissue homeostasis. Cancer is
associated with an alteration in this balance and CTAs have been linked to this. For example,
Zhou et al. (2010) identified that CTA TSP50 plays a major role in breast cancer
development; moreover, a reduction in the expression of TSP50 has a major impact on cell
colony generation and migration, cell proliferation and cell apoptosis (Zhou et al., 2010). This
exemplifies the importance of CTAs in oncogenes.
96

Chapter 3: Results
The cell fractions of cytoplasm and nucleus that were collected for the determination of the
SPO11 localization indicated that all observed cell lines had a strong localisation of SPO11 in
the nuclear fraction. However, the HCT116 cell line showed only nuclear localisation. This
was also confirmed in IF of SW480. There might be some other characteristics of SPO11 that
could explain the low levels of protein present in the cytoplasm. Existing studies indicate that
DNA binding proteins that are multifunctional are found both in the cytoplasmic and nuclear
compartment, with different functions to serve (Wilkinson & Shyu, 2001). From this analysis,
it could be proposed that the SPO11 protein can serve as a multifunctional protein in cancer
cells, but the known topoisomerase-like function of SPO11 in meiosis might suggest it has
function restricted to the nucleus.
In order to further investigate the proposal that SPO11 plays a role in mitotic chromosome
dynamics, co-staining with BLM protein provided evidence to suggest that SPO11 functions
together with BLM. BLM has been shown to play an important role in controlling
homologous recombination (HR), which aims to repair DSBs and dissolve double Holliday
junctions (dHJs) (Kikuchi et al., 2009; Wu & Hickson, 2003). SW480 cells co-stained with
SPO11 and BLM revealed that SPO11 and BLM have an overlapping distribution pattern and
SPO11 and BLM seem to co-localise in SW480 cells throughout anaphase and metaphase,
and localizes between segregating chromosomes in anaphase.
Because SPO11 is expressed in cancer cells, the results suggest that it works with BLM to
help dissociate lagging chromosomes at anaphase and helps cells continue to proliferate.
Moreover, it has been reported that BLM localises and cooperates with PICH in centromeres
and both proteins play important roles in the recruitment of active Topo IIIα in centromeres to
eliminate DNA catenation before the onset of anaphase (Rouzeau et al., 2012). SPO11 is
ubiquitously expressed in all eukaryotes and mediates the initiation of meiosis through the
formation of DSBs in a manner very similar to topoisomerase VI (Martini, 2002). Current
study was suggested that SPO11 is a Topo-type protein and might function in a similar way to
the Topo that interacts with BLM and PICH.
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Two strong SPO11 stained foci were observed where the centrosome was expected to
localise. Consequently, the results suggest that the foci might be the centrosomes. Pericentrin
(PCNT) and Plk1-interacting checkpoint helicase (PITCH) specific antibodies were used to
confirm this observation. PCNT and PITCH are known to localise in the centrosome region,
and SPO11/PCNT/Plk-1co-localisation was observed in the centrosomes independently of
BLM protein.
Since apoptosis resistance is considered a hallmark of various tumour cells, it has been noted
that anti-apoptotic factors have the ability of providing various therapeutic strategies, which
will help to treat cancer. Furthermore it is also found that actions of the common cancer
treatment methods like chemotherapy and radiotherapy, is depended on the stimulation of
apoptosis. Therefore, a common reason for therapeutic resistance is apoptosis deficiency
(Teodoro et al., 2012). The process of apoptosis can be assessed using the caspases or
commonly known as cysteine protease that are usually present in cells in their inactive state.
For triggering the apoptosis these enzymes are required to be activated and cleaved (Dash,
1994). Caspase-3 was used herein to examine whether SPO11 depletion induces apoptosis
through this pathway. It was observed in parental SW480 cells that caspase-3 were not
activated also uncleaved caspase bands were present in all cells thereby demonstrating that
SPO11 knockdown did not induce apoptosis. However, although there was no apoptosis
evidence in these attached cells, it is possible that apoptotic cells had detached and were not
assessed here. Further into the study, the detection of the effect of SPO11 depletion on the
survival of cancer cells was done with an ELDA assay. Reduction in the SPO11 protein level
in HCT116 sphere cells resulted in a decrease in the proliferation frequency and siRNA 2 and
4 has a significant effect on SPO11 compared with the negative control. The colonosphere
assay was done to assess the relationship of SPO11 with the self-renewal of HCT116 cells.
Spheres can be formed by self-renewing, as well as by proliferating progenitors, and these
spheres can retain their multipotency (Stingl, 2009; Pastrana et al., 2011).
There was no standardised protocol for the production of spheres at that time and the
procedure for the experiment used different parameters, such as cell seeding density, medium
volume and composition, culture time and surface area of the culture dish (reviewed in
Chaichana et al., 2006). Spheres are known to be generated from a wide array of solid
tumours and cancer cell lines, including HCT15, HT-29, HCT116, SW480, SW620, LoVo,
LS174T, DLD1 and RKO (Kanwar et al., 2010; Chen et al., 2011).
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However, strong reduction in SPO11 protein was seen after transfection with siRNA-4 and 6
assed by western blot and qRT-PCR analysis compared with non-interference and untreated
cells and that effect on cell proliferation.
The SPO11 depleted in HCT116 sphere cells did not appear to result in senescence or
apoptosis as assessed by caspase-3 cleavage and β- galactosidase assays, respectively. The
morphology does not change and remains normal for the duration of the experiment.
However, suitable conditions for growth can lead to the recovery of the cells from
proliferation arrest. This is consistent with SPO11- depleted cells being in a quiescent-like
state. The quiescent state is adopted in steam cells for the preservation of the main functional
features of the cells. Cells in this state remain poised and ready to be activated, rather than
being inactive or dormant (Cheung & Rando, 2013). The recovery from SPO11 deletion
(Figure 3.16) supports this.
In summary, SPO11 was found to be expressed in all cancer cells studied. This suggests it is
important as a feature of a wide range of cancer cells. In addition, IF and cell fractionation
suggested that the SPO11 protein was located in the nuclei of the cancer cells where a
topoisomerase activity might be expected. The interphase nuclear foci might also suggest a
non-anaphase function (Cha et al., 2000) previously suggested a role for SPO11 in premeiotic DNA replication (Cha et al., 2000). Follow the siRNA depletion the protein level of
SPO11 was significantly reduced in attached and floating cells and cell proliferation was
inhibited. Moreover, the depletion of SPO11 protein in SW480 and HCT116 spheres cells
restricted in inhibition of self-renewal. The overall results of the study indicate that SPO11
express in cancer cells which makes it require for cell survival and possible cancer specific
drug target. The possible function of SPO11 in cancer cells remains unclear and that this will
be addressed in the following chapters. However, the co-localization to BLM might suggest a
topoisomerase like-function in anaphase.
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4. Over expression of SPO11
4.1 Introduction
The results from Chapter 3 showed that SPO11 appeared to be required for cancer cell
proliferation, as demonstrated by SPO11 siRNA depletion in HCT116 and SW480 cells.
Chapter 3 results also showed that SPO11 is required for self-renewal of cancer stem-like
cells. Furthermore, SW480 cells co-stained with SPO11 and BLM revealing that SPO11 and
BLM have an overlapping distribution pattern throughout anaphase and metaphase, and these
proteins localise between segregating chromosomes in anaphase. Because SPO11 is active in
cancer, the results suggest that it cooperates with BLM to help dissociate catenated
chromosomes at anaphase and this allow cells to continue to proliferate.
SPO11 orthologues are ubiquitously expressed in all eukaryotes in meiosis and they mediate
the initiation of meiotic recombination through the formation of DSBs in a manner very
similar to topoisomerase VI (Keeney, 1997; Martini, 2002). SPO11 orthologs have been
distinguished in numerous living organisms and demonstrate a four-constrained motif, which
is strongly conserved (Keeney et al. 1997; Keeney, 2001). Loss of SPO11 in S. cerevisiae
prevents the meiotic synaptonemal complex forming correctly, meiotic S phase is accelerated,
meiotic prophase is shortened, and there is a lack or absence of synapses between
homologous chromosomes (Alani et al., 1990; Cha et al., 2000; Giroux et al., 1989; Klapholz
et al., 1985; Loidl et al., 1994; Menees et al., 1992; Rockmill et al., 1995; Weiner &
Kleckner, 1994). Spo11 null mice are infertile indicating an important role (Cole et al., 2010).
SPO11 is type IIB topoisomerase-like protein and might function in cancer a similar way to
topoisomerase IIα that interacts with BLM and PICH. Whilst SPO11 is meiosis-specific in
most organisms, there are SPO11 orthologs in plants and Drosophila, which have been
suggested to have mitotic functions supporting a potential cancer functional role.
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The aim of the work in this chapter was to further explore the function of SPO11 in cancer
cells by setting up a system where SPO11 expression could be regulated to explore SPO11
function by (a) over-expressing SPO11 (in this chapter) and (b) making a SPO11 deletion cell
line containing an inducible SPO11 which it could switch off (see Chapter 5). Also, to see
whether deletion both copies of SPO11 from HCT116 altered the characteristics of this cancer
cell line in order to study the potential functional role of SPO11. So, it was first necessary to
have a cell system in place where SPO11 expression could be regulated. Therefore, the aim of
the work in this chapter was to generate cells with an inducible SPO11. Once SPO11 cDNA
regulated HCT116 clones were generated which had genomic SPO11 knocked-out, it could
then investigate the concequences when SPO11 expression was switched off (see Chapter 5).
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4.2 Results
4.2.1 Tet-On 3G Inducible Expression System

The tetracycline-inducible gene expression system (Tet-On3G) is one of the most common
inducible gene expression systems for mammalian cells (Gossen & Bujard, 1992; Vigna et al.,
2002; Loew et al., 2010). Cells that express the Tet-On3G transactivator protein also have
transgenes under the control of a TRE3G promoter (pTRE3G), which expresses a high level of
the gene of interest only when cultured in the presence of doxycycline (DOX). The Tet-On
3G transactivator protein undergoes a conformational alteration in the presence of
doxycycline, this allows the protein to bind to the tet-operator (tetO) sequences located in
PTRE3G promoter and, in turn, induces the expression of the gene of interest, in this case
SPO11 (Figure 4.1). In this chapter, a doxycycline-responsive cell line was created that was
able to induce expression of the SPO11 gene by (a) cloning SPO11 in to a pTRE3G vector to
generate an inducible construct, (b) create a Tet-On 3G expressing stable cell line (c) create
and screen for double-stable clone capable of high induction of SPO11.
4.2.1.1 Cloning the SPO11 gene into the pTRE3G vector
To generate an inducible clone of SPO11, the full-length human SPO11 open reading frame
(NCBI, Gene ID NM_012444), which has size of 1191 bp, was amplified from the cDNA of
ordinary human testis RNA using Phusion High-Fidelity PCR Master Mix with GC buffer
(Figure 4.2). Amplification primers were designed with BamHI restriction sites to facilitate
cloning. The right SPO11 band was extracted from the gel, purified, and then digested with
BamHI and purified. A BamHI digested and purified pTRE3G vector (3431 bp) was used to
clone the full length of SPO11 (Figure 4.3). The ratios of the SPO11 gene to the plasmid
utilized were 6:1 and/or 9:1; insert: plasmid. Ampicillin resistance was utilized for selection
after transformation into the DH5α strain of E. coli. A number of colonies were chosen and
PCR analysis was performed utilizing internal primers for SPO11 to confirm that the right
colonies were selected (Figure 4.4). Colonies with positive PCR were selected for overnight
culturing. The recombinant plasmids were further checked by restriction digestion of the
purified plasmids using BamHI to confirm accurate cloning. Analysis of the digestion
pTRE3G::SPO11 by agarose gel confirmed the presence and indicated successful cloning
of SPO11 (Figure 4.5). SPO11 positive clones were sent for DNA sequencing to confirm the
proper orientation and to check for mutations. The colonies chosen for further investigation
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did not contain any mutations. The universal primers and internal primers utilized for these
checks are recorded in Table 2.2 (Methods and Materials).
4.2.1.2 Creation of a Tet-On3G-expressing stable cell line
In the Tet-On system, two steps are required to generate a stable cell line that will expressing
Tet-On 3G transactivator; this cell line serves as the host to permit the expression of SPO11
gene. The two steps to generate this line are (a) expressing the Tet-On3G transactivator
protein (integrated under G418 antibiotic selection) and (b) demonstrating a high level of
induction from pTRE3G. To obtain this, HCT116 cells were transfected with pCMV-Tet3G
plasmid containing the transactivator gene using Xfect transfection reagent and selected with
G418 (Figure 4.6; also see subsequent section). Before transfection a cell kill curve was
carried out on the HCT116 cells using different concentrations of the antibiotic G418 to
optimise the minimum dose that would kill all cells after 3-5 days in the absence of a
resistance gene. Untreated cells were used to compare the effect of the antibiotic on the
treated cells. The minimum antibiotic dose that killed all untransfected cells within 5 days
was 400–500 µg/ml (Figure 4.7). Colonies transfected with pCMV-Tet3G were tested and
twenty-four clones were isolated and analysed for induction. Figure 4.8 shows examples of
G418 resistant colonies following pCMV-Tet3G transfection.
4.2.1.3 Testing Tet-On3G clones for induction of TetOn3G transactivator
To test level of induction in the HCT116 Tet-On3G cells, colonies were tested individually
for induction clones and these were seeded into 6-well plates; for each colony one-third of the
total amount was stock plates and two-thirds were used for the luciferase-screening assay.
Three candidate colonies were chosen (12, 13 and 15) and were transfected with pTRE3GLus vector in which luciferase is under the control of the Tet-On system (see Section 2.7. a. iii
in Materials and Methods) after 4 hours, 1 µg/ml doxycycline was added to one of the
duplicate wells, while leaving the second well Dox-free. After 24 hours luciferase activity
was calculated; the assay for luciferase activity was expressed as counts per second (CPS) and
the fold induction was calculated for the relative light unit (RLU)/protein level (+Dox RLU/Dox RLU) (Figure 4.9). Result showed Clone number 15 exhibited highest fold induction;
which was stocked and labelled as HCT116-Tet-On3G.15 to be used in the next step for
creating an inducible SPO11 cell line.
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SPO11

Figure 4.1 The Tet-On3G inducible system allows induction of the expression of SPO11 only in
the presence of doxycycline. Tet-On3G transactivator protein (blue) undergoes a conformational
alteration in the presence of doxcyclin. This allows the protein to bind to the tet-operator (tetO)
element (red) within the PTRE3G promoter of the TRE3G plasmid and, in turn, induces the expression of
SPO11 cDNA.
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Figure 4.2 PCR amplification of the full open reading frame of SPO11. Lane 1: PeqGREEN DNA
dye stained agarose gels show that the expected PCR product size of the SPO11 fragment is1191 bp.
cDNA was generated from the total RNA prepared from testes. HyperLadder 1 Kb (5 µl) was used as a
marker.
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Figure 4.3 Digestion of pTRE3G plasmid with BamHI restriction enzyme. Agarose gel (0.8%)
stained with PeqGREEN DNA dye. Lane 1: uncut pTRE3G vector; Lane 2: BamHI cut and purified
pTRE3G vector; Lane 3: digested pTRE3G plasmid before purification. HyperLadder 1 Kb (5 µl) was
used as a marker.
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Figure 4.4 Digestion of pTRE3G::SPO11 constructed plasmid with BamHI restriction enzyme.
Agarose gel (0.8%) was stained with PeqGREEN DNA dye. Middle lane: digested pTRE3G plasmid
after purification; right hand line: digestion of pTRE3G::SPO11 construct with BamHI enzyme. Two
bands were obtained; the upper band is the pTRE3G vector and the lower band is the SPO11 gene
(1191 bp). Left hand lain: HyperLadder 1 kb marker.
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Figure 4.5 PCR profile analyses the SPO11 positive clones after transformation into E. coli.
SPO11 was ligated at the BamHI site of pTRE3G and transformed into the DH5α strain of E. coli.
Random colonies were selected. PCR was performed to check the possibility of transformation using
internal primers for SPO11. PCR products were fractionated on 1% agarose gels and stained with
PeqGREEN DNA dye. HyperLadder II (5 µl) was used as a marker. Lane 1: positive testis control;
Lanes 2-8: candidate colonies containing the SPO11 gene.
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Figure 4.6 Establishing the Tet-On3G system in HCT116 cells. HCT116 was transfected with the
pCMV-Tet-On3G plasmid and cells with G418 were selected to generate a stable Tet-On3G cell line
constitutively expressing Tet-On3G transactivator. This cell line served as the host for a pTRE3Gbased expression vector, which was transfected into the Tet-On3G cell line.
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Figure 4.7. Geneticin (G418) kill curve. A cell kill curve was carried out on the HCT116 cells using
different concentrations of the antibiotic G418. HCT116 cells were grown in media without antibiotic
for 48 hours. Five doses of geneticin (100 to 500 µg) were then used to optimize the minimum dose
that would kill all cells after 3–5 days. Untreated cells were used to compare the effect of the antibiotic
on the treated cells. The antibiotic dose that killed all cells within 5 days was 400–500 µg/ml.

Figure 4.8 HCT116 cells transfected with pCMV-Tet3G plasmid. After 2 weeks, G418-resistant
colonies appeared. colonies were transferred into separate wells of a 24-well plate using a cloning
cylinder, then to a 10 cm plate and finally to T75 flasks.
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Figure 4.9 Luciferase assay for testing Tet-On3G colonies for induction. HCT116 Tet-On3G
colonies were tested individually for induction. First, the three colonies (12, 13, 15) were transfected
with pTRE3G-Lus vector using Xfect transfection reagent, then (Dox+) 1 µg/ml was added to one of
the duplicate wells, while leaving the second well (Dox-) free. The assay for luciferase activity was
expressed as counted per second (CPS) and the fold induction was calculated for the RLU/protein
level (+Dox RLU/-Dox RLU); colony number 15 exhibit the highest fold induction.
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4.2.2 Establishment of a double-stable HCT116 Tet-On and HeLa Tet-On3G cell line

The generation of a double stable Tet-On3G cell line inducing SPO11 under control of a
TRE3G promoter (PTRE3G) was the goal. We aimed to create a system for regulatable
(ON/OFF) overexpression of SPO11 in human cancer cells to study the effect when genomic
copies of the SPO11 gene are deleted and inducible SPO11 is turned off. We had created
HCT116 cells with the inducible transactivator (see previous section) and a HeLa-Tet-On3G
based system was obtained from a commercial source (Clontech). Double-stable cell lines
with regulatable SPO11 were generated by transfecting HCT116 Tet-On3G.15 and HeLa TetOn3G cells with the pTRE3G::SPO11 plasmid along with a linear selection marker for the
puromycin antibiotic (Figure 4.10). This was followed by selection for double-stable
transfected cells that were resistant to G418 and puromycin antibiotics.
4.2.2.1 Selection of double-stable HCT116 Tet-On3G.15 and HeLa Tet-On3G cells
Before cotransfection, different concentrations of puromycin were used to optimize a cell kill
curve. HCT116 Tet-On3G.15 and HeLa Tet-On3G cells were grown in media without
antibiotic for 48 hours and then seven doses of puromycin (0–2.5 µg/ml) were optimised as
the minimum dose that would kill all cells after 3–5 days. Untreated cells were used as
controls to compare the effect of puromycin on treated cells, and 1 µg/ml was the optimum
dose based on colony selection (Figure 4.11). The minimum antibiotic dose that killed all
untransfected cells in 5 days was 1.0 µg/ml. HCT116 Tet-On3G.15 and HeLa Tet-On3G cells
were cotransfected with pTRE3G plasmid containing the SPO11 gene or with empty pTRE3G
plasmid (control) along with the puromycin linear selection marker, at a ratio of 20:1
(constructed plasmid: puromycin marker). After 4 days of cell growth in antibiotic-free
media, 100 µg/ml G418 and 1 µg/ml puromycin were added. All untransfected cells died
whilst single cells that appeared after 4–5 days of treatment and had possible transfection
(Figure 4.12). After 2 weeks of cell culture in media under optimised antibiotic selection,
resistant colonies begin to appear with possible gene cloning (Figure 4.13). Large colonies
were selected using cloning cylinders, grown in separate 10 cm plates and then expanded in
T75 flasks.
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Each clone was then tested individually by comparing the expression of SPO11 in the
presence or absence of 1 µg/ml doxycycline. Cells were grown in this experiment in a high
quality Tet free approved FBS which was functionally tested for this inducible system and
free of tetracycline contamination.

Figure 4.10 Creating a double Tet-On3G cell line. HeLa Tet-On3G and HCT116 Tet-On3G.15 cells
that express the tetracycline (Tet) regulated transactivator protein were transfected with an expression
plasmid containing SPO11 cDNA (pTRE3G::SPO11) along with a puromycin linear marker to induce
the expression of SPO11 cDNA. Doxycycline (Dox) (1 µL/ml) was used for overexpression of SPO11.
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Figure 4.11 Puromycin kill curve. Untransfected HCT116 Tet-On3G.15 cell lines were exposed to
different concentrations of puromycin and left to grow for 3–5 days. In both HCT116 Tet-On3G.15
and HeLa Tet-On3G cells, it was determined that a concentration of 1 µg/mL was sufficient to kill all
cells.

HCT116 Tet-On3G.15/
SPO11 transfection

HeLa Tet-On3G/SPO11
transfection

pTRE3G vector
transfection

Figure 4.12 HCT116 Tet-On3G.15 and HeLa Tet-On3G cell lines transfected with the SPO11
gene after 4 days of cell growth. Cells were transfected with pTRE3G plasmid containing SPO11
with a puromycin linear selection marker at a ratio of 20:1 (construct:puromycin marker). Empty
pTRE3G plasmid was transfected into the cells as a transfection control. After 4 days of growth, most
of the cells had died except for cells containing the puromycin selection marker. Single cells started to
appear 4 days after adding 1 µg/mL puromycin. Example images are shown for each cell line.
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G418 and puromycin – resistant colonies

HeLa-Tet-On3G/SPO11

HCT116-Tet-On3G.15/SPO11
HCT116-Tet-On.15/SPO11

Figure 4.13 HCT116 Tet-On3G.15 and HeLa Tet-On3G cell lines transfected with the SPO11
gene. Colonies were seen after 2 weeks of cell growth. Single cells started to appear and were cultured
in 96-, 24-, then 6 well to expand the cultures in the presence of 1 µg/mL puromycin. Example images
are shown for both cell lines (HeLa-Tet-On3G/SPO11-Top; HCT116-Tet-On3G.15/SPO11-bottom).
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4.2.3 RT-PCR and qRT-PCR analysis of overexpressed SPO11 in the double-stable HCT116 TetOn3G.15 cell line

The integration of SPO11 into the HCT116 Tet-On3G.15 cell line successfully created double
stable cell lines. This was confirmed by inducing them with 1 µg/mL doxycycline for 24
hours; additionally, a portion of clones was collected without doxycycline. Total RNAs were
extracted and cDNA was synthesized from each clone in either the absence or presence of
doxycycline. Two primer sets were utilized to confirm the expression of the pTRE3G::SPO11
construct and testis cDNA was utilized as the positive control. PCR products were not
detected in the HCT116 and HeLa cells, or most of cancer cells used in this study, confirming
SPO11 expression with the use of Western blot analysis (figure not shown). However, the
cancer cells did not appear to have induced high levels of the SPO11 gene, leading to
speculation that there were lower levels thereof. Subsequently, PCR was applied First, to
analyse the expression of SPO11 cDNA in the HCT116Tet-On3G.15 cells and the HeLaTetOn3G cells before transfected with the construct pTRE3G::SPO11 plasmid as control (Figure
4.14) result showed no measurable elevated SPO11 expression in either although protein was
detectable using western blot analysis in Figure 4.18. Second, PCR was applied on the four
positive HCT116-Tet-On3G.15/SPO11 clones to detect and analyse the expression of SPO11
in the present or absent of doxycycline to confirm that doxycycline-responding cell line able
to induce expression of the SPO11cDNA (Figure 4.15). Colonies number (3) and (4)
demonstrated no elevated expression either in the presence or absence of doxycycline and
these clones were excluded from this study because there were no obvious expression of
SPO11cDNA. Colonies number (1) and (2) demonstrated elevated expression in the presence
of doxycycline and these clones were used for further analysis because there were have
obvious expressions of SPO11. Moreover, SPO11 expression was examined in two
independent colonies selected after integration of the pTRE3G vector only as control. No
elevated SPO11 expression was detected in HCT116Tet-On3G.15 transfected with pTRE3G
plasmids either in the presence or absence of doxycycline after 24 hours (Figure 4.16).
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For further quantitative analysis qRT-PCR was carried out to measure the level of SPO11
induction in positive SPO11 colonies (1) and (2) after induction with doxycycline. qRT-PCR
reactions were carried out in triplicate in a total volume of 20 µl on a CFX96 Real-Time
System C1000 Thermal Cycler (BioRad) using Life Technologies TaqMan Gene Expression
Master Mix and primers for SPO11.
The result was normalized against the qRT-PCR results of two reference genes, ACTB and
GAPDH; the results are shown in (Figure 4.17). The qRT-PCR results showed low expression
of SPO11 in the absence of doxycycline. In contrast, a high level of SPO11 expression was
observed in colonies (1) and (2) after doxycycline induction. However, qRT-PCR showed a
moderate induction in colony (4). No quantification cycle (Cq) reading was shown in the
negative controls NTC (no template control) or NRT (no reverse transcriptase).
Western blot analysis of cells overexpressing SPO11 in the double-stable HCT116-TetOn3G.15/SPO11 cell lines showed relatively modest changes to levels of SPO11 protein after
induction with 1 µg/mL doxycycline for 48 hours. Loading was controlled by GAPDH
(Figure 4.18). An examination for SPO11 overexpression was conducted to further study the
effect of this gene on the proliferation of cancer cells. Growth curves of HCT116 TetOn3G.15/SPO11cells untreated and doxycycline treated (Figure 4.19) showed the control (no
Dox) gives poor levels of proliferation (as measured by cell number increase).
4.2.4 RT-PCR and qRT-PCR analysis of overexpressed SPO11 in double-stable HeLa Tet-On3G
inducible cells

The successful integration of SPO11 into HeLa Tet-On3G cells was achieved by transfecting
four independent colonies with pTRE3G::SPO11 vector and inducing them with 1 µg/mL
doxycycline for 24 hours. A small amount of each clone was cultured in the absence of
doxycycline. Total RNA was isolated and cDNA was synthesized from each clone either in
the presence or absence of doxycycline. SPO11 primers were utilized to confirm the
expression of the pTRE3G::SPO11 construct and testis cDNA was utilized as the positive
control, two clones (1) and (3) exhibit measurable elevated SPO11 expression using
qualitative RT-PCR (Figure 4.20). SPO11 expression was assessed in two independent
colonies selected after integration of the pTRE3G vector only. No SPO11 expression was
shown in HeLa Tet-On3G transfected with pTRE3G plasmids either in the presence or
absence of doxycycline after 24 hours (Figure 4.21).
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qRT-PCR was carried out to quantify the level of SPO11 expression in colonies (1) and (3)
after induction with doxycycline. qRT-PCR reactions were carried out in triplicate in a total
volume of 20 µl on a CFX96 Real-Time System C1000 Thermal Cycler (BioRad) using Life
Technologies TaqMan Gene Expression Master Mix and primers for SPO11. The result was
normalized against the qRT-PCR results of two reference genes, ACTB and GAPDH; these
results are shown in Figure 4.22. The qRT-PCR results showed low expression of SPO11 in
the absence of doxycycline. In contrast, elevated levels of SPO11 expression was observed in
colonies (1) and (3) after doxycycline induction. No quantification cycle (Cq) reading was
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Figure 4.14 qualitative RT-PCR analysis of the expression of SPO11 in HCT116 Tet-On3G.15
and HeLa Tet-On3G cell lines. Agarose gels of RT-PCR product stained with PeqGREEN DNA dye
showed no excessive expression of SPO11 in either the HCT116 Tet-On3G or HeLa Tet-On3G cells.
A testis sample was included as a positive control. ACTB served as the positive control for the cDNA
samples.
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Figure 4.15. qualitative RT-PCR analysis confirming expression of the SPO11 gene after
induction in the HCT116 Tet-On3G system. Four colonies were induced with 1 µg/mL doxycycline
for 24 hours. ACTB served as the positive control for the cDNA samples. Two pairs of primers were
designed for the SPO11 gene and it was expressed to higher level in colonies (1) and (2) in the
presence of doxycycline and not expressed in the absence of doxycycline. Colonies (3) and (4) showed
no expression elevation either in the absence or the presence of doxycycline. Lane T: positive testes
control. Agarose gels (1%) stained with PeqGREEN DNA dye to visualize the PCR product; M is a
HyperLadder II marker.
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Figure 4.16 qualitative RT-PCR analysis of the SPO11 gene in two independent colonies
transfected with a pTRE3G empty vector only. (A) HCT116 Tet-On3G.15 cells and (B) HeLa TetOn3G cells were transfected with pTRE3G plasmids and induced with 1 µg/mL doxycycline for 24
hours. ACTB served as the positive control for the cDNA samples. RT-PCR was performed to check
the expression of the SPO11 gene after induction with the pTRE3G vector only. No elevated
expression was detected in the colonies, either with or without doxycycline. Lane T: positive testis
control. Agarose gels (1%) stained with PeqGREEN DNA dye to visualize the PCR product.
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Figure 4.17 quantitative data showing the level of SPO11 gene expression. qRT-PCR analysis
showing the transcript levels for the SPO11 gene in double-stable HCT116 Tet-On3G.15/SPO11 cells
after induction with doxycycline. Colonies (1), (2), (3) and (4) from double-stable HCT116 TetOn3G.15/SPO11 cells showing changing levels of SPO11 expression. The Bio-Rad CFX Manager was
used to analyse the data. The error bars show the standard error for three replicates. Results were
normalized to a combination of two endogenous reference genes (GAPDH and ACTB). Error bars
show the standard error of the mean.

Clone(1)

Clone(2)

Dox(-) Dox(+)

Dox(-)

Dox(+)
- 50 kDa

SPO11
44 kDaè

- 37 kDa

GAPDH
37 kDaè

- 37 kDa

Figure 4.18 Western blot analysis confirmed an increased SPO11 protein level. Western blot
images are representative of three replicates similar result were obtained for each. Colony (1) and
clone (2) from double-stable HCT116 Tet-On3G.15/SPO11 cells show changing levels of SPO11
protein after induction with 1 µg/mL doxycycline for 48 hours. Loading was controlled by GAPDH.
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Figure 4.19 Proliferation levels for HCT116 Tet-On3G.15 with the SPO11 clone (1) induced
overexpression. Total cell count for untreated and doxycycline-treated HCT116 Tet-On3G.15/SPO11
cells showing no significant differences. The error bars represent the standard deviation (n=2) for the
total number of cells.
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Figure 4.20 Qualitative RT-PCR analysis confirming expression of SPO11 after induction in the
HeLa Tet-On 3G/SPO11 system. Four independent colonies of HeLa Tet-On3G cells transfected
with a pTRE3G::SPO11 construct were assessed. The cells were cultured in the absence or presence of
1 µg/mL doxycycline for 24 hours. ACTB served as the positive control for the cDNA samples.
Internal primers were designed for the SPO11 gene and expression was elevated in colonies (1) and
(3) in the presence of doxycycline and not in the absence of doxycycline. Colonies (2) and (4) showed
no measurable elevated expression either in the absence or presence of doxycycline and were not
candidate colonies. Agarose gels (1%) stained with PeqGREEN DNA dye to visualize the PCR
product; M is a HyperLadder II marker.
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Figure 4.21 Qualitative RT-PCR analysis of SPO11 gene expression in two independent colonies
transfected with pTRE3G empty vector only. (A) HCT116 Tet-On3G.15 cells and (B) HeLa TetOn3G cells were transfected with pTRE3G plasmids and induced with 1 µg/mL doxycycline for 24
hours. ACTB served as the positive control for the cDNA samples. RT-PCR was performed to check
the expression of the SPO11 gene after induction with 1 µg/mL doxycyclin for 48 hours. No elevated
expression was observed in the colonies, either with or without doxycycline. Lane 1: positive testis
control. Agarose gels (1%) stained with PeqGREEN DNA dye to visualize the PCR product.

Clone(3)

Figure 4.22 Quantitative qRT-PCR data showing the level of SPO11 level expretion. qRT-PCR
analysis showing the transcript levels of the SPO11 gene in double-stable HeLa Tet-On3G cells after
induction with 1 µg/mL doxycycline for 48 hours. The Bio-Rad CFX Manager was used to analyse the
data. The error bars show the standard error for three replicates. Results were normalized to a
combination of two endogenous reference genes (GAPDH, ACTB). Error bars show the standard error
of the mean.
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4.3 Discussion
The so-called hallmarks of cancer depict the various ways that malignant cells escape cell
cycle control, creating nonstop tumour advancement and proliferation (Hanahan & Weinberg,
2000; 2011). Consequently, it is necessary to understand how this proliferation is driven and
how it can be inhibited. The aim of this study was to determine whether SPO11
overexpression affects the proliferation of a colorectal cancer cell line in vivo. In Figure 4.19
the control was not grown sufficiently therefore, the absence of sufficient growth in the
control, as measured by the increase in the number of cells, meant that it was not possible to
attain a definite conclusion. This could infer that the Tet system is leaking and SPO11
expression was not switched off completely; this would explain the lack of growth in the
control owing to the expression of SPO11cDNA, which might have negatively influenced cell
proliferation. To advance this work, a control line should be developed which contains the Tet
system without the SPO11 open reading frame. If the cells remained impaired in their
proliferative potential, then the cause of the reduced proliferation is not due to SPO11, but
more likely it is a simply technical issue.
In Chapter 3, SPO11-depleted SW480 and HCT116 cells demonstrated a significant decrease
in cell doubling times, suggesting that SPO11 depletion inhibits colorectal cancer cell
proliferation. These results imply that SPO11 expression offers a proliferative advantage,
however, this suggests there may be a biological threshold at which a specific amount of
SPO11 protein is sufficient to confer a proliferative advantage. Janic et al., (2010) studied the
ectopic expression of germ-line genes in Drosophila tumours and concluded that the initiation
and activation of these genes provides a proliferative advantage in cancer cells. This supports
the theory of soma-to-germline transformation realized to carcinogenic processes, which
causes the activation of germ-line genes, which includes CTAs (McFarlane et al., 2014). In
this specific situation, SPO11 might be activated in both SW480 and HCT116 cells as part of
this transformation, which might contribute to their acquisition of a proliferative advantage.
As mentioned in Chapter 3, SPO11 is homologous to the topoisomerase subunit TopoVI A in
archaebacteria. This protein is structurally related to the Type IIB family of eukaryotic
topoisomerases (Corbett et al., 2007). Rouzeau and Cordelières (2012) found that Topo IIα
proteins are localised to the centromere to undertake normal decatenation during replication
by BLM and PICH.
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As a homolog of the TopoII B protein subunit, it is possible that the BLM protein will be able
to recognise SPO11 in the same manner as the topoisomerase. It may be that in cancer cells,
BLM is able to colocalize with the SPO11 protein, and use this mechanism to recruit SPO11
to the chromosomes.
The finding that further elevation in SPO11 does not stimulate hyper proliferation suggests
other factors might be rate limiting. This could be BLM level. However, a topoispmerase
VIB-like partner protein for SPO11 in meiosis was recently identified, TOPOVIBL (Robert et
al. 2016; Vrielynck et al. 2016) it could be that SPO11 requires TopoVIBL as a partner to
drive mitotic proliferation activity. TopoVIBL levels might be the limiting factors and so it
could be worth studding this possibility further, this was not done as TopoVIBL was only
identified as a SPO11 binding partner late in this work. It would be interesting to determine if
SPO11 and TopoVIBL co-purified in in human cancer cells and have Topoisomerase activity.
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5. Generating a knockout SPO11 cell line
5.1 Introduction
CRISPR/Cas9 is an advanced gene editing system that is widely used in biotechnology for
generating gene knockout (KO) cell lines and mutant models for mice and other organisms. It
is derived from the immunological systems of archaea and bacteria (Riordan et al., 2015).
CRISPR/Cas9 gene KO is achieved after transfection of the target cells with a plasmid that
has two independent genes; one codes for a short CRISPR RNA molecule (crRNA), also
called a guide RNA (gRNA) specific for the genomic region of interest (typically 20
nucleotides long; see Figure 5.1) and the other Cas9 nuclease. The Cas9 nuclease can then
target the genomic DNA at these pre-determined gRNA sequences. This process requires a
trans-activating crRNA (tracrRNA) that is responsible for recruiting the gRNA into the Cas9
complex (Deltcheva et al., 2011). The gRNA-DNA base pairing and a protospacer-adjacent
motif (PAM) determine the recognition of the cleavage sites. The PAM is a three-nucleotide
sequence (NGG) that is juxtaposed to the complementary DNA region (Marraffini &
Sontheimer, 2010). It must be noted that a single gRNA has the potential to recruit Cas9 to
targeted genomic sites; as a result, DNA DSBs can be generated in DNA at very specific
locus (Jinek et al., 2012). The CRISPR/Cas9 system is currently in use for site-specific
genome editing purposes in a wide range of organisms and cell types (Gratz et al., 2013; Mali
et al., 2013).
Cas9 nucleases cleave both strands of genomic DNA, and the break can be corrected by both
homology directed repair (HDR) pathways and non-homologous end joining (NHEJ)
pathways. Modified Cas9, which is known as Cas9D10A, creates a single-strand nick, which
inhibits the activation of NHEJ (Mou et al., 2015). The DSB is made further usable by the
targeted integration of a homologous construct that contains both fluorescent and antibiotic
marker cassettes. This leads to clonal selection and generation of stable cell lines. During
homologous recombination, the homologous donor DNA permits the insertion of new
sequence information into the break site.
The aim of the work described in this chapter is to knock out both the endogenous genomic
SPO11 genes in HCT116 cancer cells containing the Dox regulatable SPO11 (see Chapter 4)
(HCT116 has two alleles of SPO11), and to see whether knocking out both copies of SPO11
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from HCT116 alters the characteristics of this cancer cell line when the exogenous regulatable
SPO11 is turned off (i.e. no Dox). Previous attempts to knock out SPO11 from different
cancer cells without an exogenous regulatable SPO11 were unsuccessful (Aldeailej, PhD
thesis, Bangor University, 2013) and resulted only in the generation of heterozygote clones.
This in itself might suggest that SPO11 is required for the proliferation of cancer cells, a
theory supported by the siRNA depletion of SPO11 seen in Chapter 3 where the lack of
SPO11 led to a dramatic reduction in cell growth. Having generated exogenously regulatable
SPO11 clones was the aim to generate clones without genomic SPO11 copies.
Genomic copies of SPO11 were targeted with a gRNA directed towards the intron 1 region in
combination with a donor plasmid containing homologous sequences that flanked exon 1 in
addition to a hygromycin-resistant cassette as described in Figure 5.2. In this manner, the
CRISPR/Cas9 technology allowed for the site-specific targeting of genomic exon 1 without
affecting the cDNA constructs present in the clones.
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Figure 5.1 A schematic showing the mechanism of CRISPR/Cas9 genomic DNA cleavage. The
guide RNA (gRNA) sequence (shown in red) that was bound to single gRNA (tracerRNA-crRNA
chimera, shown in blue) binds to complementary bases at a specific locus and recruits the Cas9
nuclease (shown in orange), which cleaves the DNA at the gRNA-highlighted site, target loucus
containing a protospacer adaptor motif (PAM) of sequence (NGG) (SBI system Biosciences).
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Figure 5.2 Schematic of CRISPR targeting of SPO11 Exon 1. A region of the human (SPO11 intron
1) locus is targeted by a gRNA+Cas9 (in green) in order to insert a RFP-hygromycin cassette that
present in the Donor vector which contains homologous arms (LHA and RHA) at the 5' and 3' end of
the expression cassette, each arm include sequence homologous to the genomic DNA surrounding the
targeted locus. The homology arms were designed to be close to cut site for efficient recombination to
occur.
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5.2 SPO11 gene disrupted using the CRISPR/Cas9 technique
The reagents and constructs for the CRISPR/Cas9 KO were used as described in Figure 5.1.
The gRNA targeting sequence was directed towards intron 1 of SPO11 (Figure 5.3) was
cloned into a vector containing the expression cassette for the Cas9 protein. The
CRISPR/Cas9 cuts the double-stranded DNA at the targeting site. A donor template DNA
vector was created (www.Origene.com/Blue Heron) with a RFP-hygromycin cassette flanked
by the homologous arms (see Figure 5.4) of the chosen cleavage site, which provided a
template for the homologous repair. The functional cassette was incorporated into the genome
when gRNA (1) and donor (2) DNA were co-transfected in to HCT116-Tet-On3G.15/SPO11
cell line (see Figure 5.5; www.origene.com).

1536

SPO11:

5' UTR

4001

1665

Exon 1

Intron 1

Exon 2

Target Sequence
5’……GCGGGCTGCCTCCTAGTGTTGG……. 3’ guide RNA seq 2
1733

1754

Figure 5.3 pCas-guide vector. The guide RNA (gRNA) sequence to be targeted within intron 1 of
SPO11 was cloned into a vector that also contained an expression cassette for Cas9 (indicated by a
CAS9 brown arrow). The numbers denote the relative positions of SPO11 exons, 5' untranslated
region (5'UTR), intron 1 and the gRNA sequence (relative to NC_018931, region 55804500 to
55820180, and 1-15681 bp respectively).
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Figure 5.4 Donor vector map: Blue Heron pUC minusMCS. The plasmid containing both
sequences flanking exon 1 and a RFP-hygromycin-resistant cassette, HR targeting vector serve as the
donor template to induce HR in cells that have been targeted at a specific locus using CRISPR/Cas9.
The 5' and 3' homologous sequences exactly homologous to the template (genomic sequence) with the
DSB, and preferably directly adjacent to the actual DSB site. Left and right Homology arm design
(LHR and RHR) is shown in red (Adapted from Blue Heron Biotechnology-the Gene Synthesis
Company; origene.com).
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Figure 5.5 Example of Genome editing using Cas9/CRISPR. (1) A guide RNA (gRNA) vector
targeting the coding sequence was cloned into a vector containing the expression cassette for the Cas9
protein. CRISPR/Cas9 cuts the double-stranded DNA at the target site. (2) A donor template DNA
vector was created with a RFP-hygromycin cassette flanked by the homologous arms of the chosen
cleavage site, which provided a template for homologous repair. (3) The functional cassette was
incorporated into the genome when (1) + (2) were co-transfected. Adapted from the Origene product
information website (www.origene.com).

128

Chapter 5: Results
5.3 Results
5.3.1 Genomic PCR analysis

A CRISPR/Cas9 system was adapted to knock out the SPO11 gene in two cell lines
HCT116-Tet-On 3G.15/SPO11 and HeLa-Tet-On 3G/SPO11. The cells were transfected
chemically using Xfect transfection reagent (see Section 2.10) with a specific gRNA construct
and donor plasmid, as described above, which resulted in the selection of a number of
hygromycin-resistant HCT116-Tet-On-3G.15/SPO11 clones. However, the HeLa-TetOn3G/SPO11 clones did not survive for subsequent PCR analysis. These cells grew
extremely slowly in comparison with the parental cells or the cells transfected with a
scramble-control gRNA construct during the hygromycin selection period, so there was no
way to expand the clones to make stocks. HCT116-TetOn3G.15/SPO11 whole cell extracts
(WCEs) from individual hygromycin-resistant clones were collected and subjected to western
blot analysis as well as qRT-PCR and RT-PCR analysis. Genomic DNA was also extracted
after transfection using Qiagen DNeasy blood and tissue kit. PCR analysis was conducted to
verify the correct RFP-hygromycin integration in the genome and to amplify the targeted
region using primers within the deletion region. The primer pair (2) R: exon-1/F: 5'UTR
(Figure 5.6, 5.7) did not appear to amplify any product, even in the heterozygote clones. This
was most likely due to technical issues (annealing temperature for example). R: Exon-1
primer is the complementary reverse sequence of F: Exon-1 primer, and this primer (F: Exon1) has been successfully used together with R: Int-1 (primer pair -1) to amplify products in the
heterozygote clones. In addition primer pair (3) F: 5'UTR/R: Int-1 is also sufficient as a PCR
screen as the primers are situated outside both homology arms and can detect untargeted
CRISPR/CAS9 events in the heterozygote clones. Primer pair (6) F: Exo1/R: Exon-13 was
used to amplify the SPO11 cDNA that is expressed from the transfected construct
pTRE3G::SPO11(see Figure 5.6, 5.7) see also the primer sets in Table 2.13. Genomic DNA
PCR analyses were performed on all the hygromycin-resistant clones obtained, and both wildtype and truncated genomic fragments were resolved by gel electrophoresis and each PCR
product was sequenced. Of the 162-hygromycin positive clones obtained (Figure 5.8), all of
which were screened with PCR primer pairs represented in Figure 5.6, 5.7 (sets 1-6). Of these
clones only 4 were positively identified as SPO11-/- homozygote knockout clones (three
independent genomic extractions of three of these clones and subsequent PCR analysis and
confirmation by sequencing); KO 21, KO 31, KO 116. A fourth clone, clone KO 86 grew
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extremely slowly and although further genomic extractions were eventually performed on
these cells, due to the speed of growth it was difficult to use these cells for subsequent
experimental analysis as well as their poor recovery from liquid nitrogen stocks. Of the
heterozygote clones obtained, one was randomly selected and used for further analysis
alongside the KO clones. Clone 114 only has one copy of wild-type SPO11, with the RFPhygromycin cassette replacing the other copy of SPO11 (see Figure 5.8). Targeted deletions
were further verified, and fragments generated by PCR were isolated and sequenced to
confirm proper integration. Sequencing showed that exon 1 of SPO11 was replaced with the
RFP-hygromycin cassette in clones KO 21, KO 31, KO 116.

5.3.2. qRT-PCR and western blot analysis of SPO11 gene expression in HCT116TetOn3G.15/SPO11 cells after CRISPR/Cas9 targeting

Western blot and qRT-PCR analyses were carried out to assess the level of SPO11 expression
in the CRISPR cell lines (i.e. clones KO 21 and KO 31) after induction with doxycycline.
qRT-PCR reactions were carried out in triplicate in a total volume of 20 µl using a CFX96
real-time detection system (Bio-Rad C1000 thermal cycler) with Life Technologies TaqMan
Gene Expression Master Mix and primer/probe sets for SPO11. The results were normalised
against the qRT-PCR results of two reference genes, ACTB and GAPDH, and the results are
displayed in Figure 5.9. The qRT-PCR results showed an obvious difference when comparing
HCT116-Tet-On3G.15/SPO11 to clone number 31 in the presence or absence of doxycycline,

but which showed no notable reductions at the SPO11 protein level in any of the clones (see
Figure 5.10).
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[Primer pair (1) F: Exon-1/R: Int-1] = PCR product 863 bp
F:Exon-1
WT
SPO11
LHA

R:Int-1
Exon 2

Exon 1

RHA

R:Exon-1

F:5’UTR

[Primer pair (2) F: 5’UTR/R: Exon-1] = PCR product 680 bp
F:5’UTR

R:int-1

[Primer pair (3) F: 5’UTR/R: Int-1] = PCR product 1.3 kb

Figure 5.6 Schematic of potential PCR products obtained using these primer sets. Shows the WT
SPO11 genomic locus and PCR products obtained with primer set (1) (2) and (3).

[Primer pair (4) F: Hyg/R: Int-1] = PCR product 1.5 kb
F:Hyg
LoxP

SPO11 Δ Exon 1
LHA
F:5’UTR

R:Intr-1
LoxP

RFP

Hygro
PKG
promoter

RHA

Exon 2

R:Hyg

[Primer pair (5) F: 5’UTR/R: Hyg] = PCR product 2.1 kb
Figure 5.7 Schematic of potential PCR. Shows the integration of the RFP-hygromycin cassettes and
the PCR products that should be obtained with primer sets (4) and (5).
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Figure 5.8 PCR analyses of potential SPO11 knockout (KO) clones. (a) Agarose gels showing the
PCR analysis of the genomic DNA extracted from a number of hygromycin-resistant clones (21, 31,
116 and 114). Different primer sets were used to detect the correct integration: (1) F: Exon-1/R: Int-1
= 863 bp, (2) R: exon-1/F: 5'UTR = 680 bp, (3) F: 5'UTR/R: Int-1= 1.5 kb, (4) F: Hyg-R: Int-1 = 1.3
kb, (5) R: Hyg/F: 5'UTR = 2.1 kb and (6) F: Exo1-R: Exon-13 = 1.2 kb, while M = 1 kb Hyper
Ladder. (b) Table showing the total number of clones obtained and a summary of various PCR
products identified in these clones, as well as percentage of these different clones obtained.
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Figure 5.9 Quantitative RT-qPCR analyses of SPO11 gene expression in HCT116-TetOn3G.15/SPO11 cells after CRISPR. Clone KO 21, clone KO 31 and KO 116 were compared with
HCT116 (WT). The Bio-Rad CFX manager was used to analyse the data. The error bars show the
standard error for three replicates. Results were normalised to a combination of two endogenous
reference genes (GAPDH, ACTB). The error bars show the mean standard error.

HCT116Tet-On.15
.15

Figure 5.10 Western blot analyses of SPO11 proteins in HCT116-TetOn3G.15/SPO11 cells after
CRISPR/Cas9 targeting. The western blot analysis images are representative of three repeats. SPO11
protein levels are shown with and without doxycycline (48-hr induction) for clones KO 31, KO 21
comparing with HCT116-Tet-On.15 cell as control, showing no change in SPO11 protein levels.
Loading control: GAPDH.
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5.3.3. Growth curve analysis

HCT116-Tet-On3G.15/SPO11 cells were grown in the presence of doxycycline unless
otherwise stated. For growth curve analysis, the clones were seeded into 6-well plates with 50
x 103 cells. After 24 hours, half of the plates for each clone were induced with 1 µg/ml of
doxycycline, while the other half were grown in tetracycline-free media. A sufficient number
of 6-well plates were set up for each clone so that the samples with and without doxycycline
could be analysed each day for the duration of the experiment. The cells were counted using
trypan blue, a blue dye which is taken up only by dead cells. The cells were counted using
either a hemocytometer or an automatic cell counter. Cell count curves represent the total
number of cells +/- doxycycline over a 5-day period for clones KO 21, KO 31 and
heterozygote 114. The number of cells in the absence of doxycycline appeared to be lower
than that of cells grown in the presence of doxycycline. HCT116-TetOn3G.15 cell growth
was unaffected by doxycycline (see Figure 5.11).

5.3.4 Analysis of the growth and protein levels of HCT116-TetOn3G/SPO11 clones over two
weeks

To determine the effects of the prolonged depletion of SPO11 on the growth of cancer cells, a
growth curve analysis was carried out on HCT116-TetOn3G.15/SPO11 clones KO 21, KO 31
and heterozygote 114. The clones were cultured in tetracycline-free serum-containing media
(also without doxycycline) for 2 weeks and were then seeded in 6-well plates with 75 x 103
cells concentration. The cells were harvested every day and counted (using the method
described above) using trypan blue. The cell count curves (shown in Figure 5.12) represent
the total number of cells each day throughout the experiment. The cell counts for KO 21, KO
31 and heterozygote 114 were much lower than the number of HCT116-TetOn3G.15 control
cells. Images were taken of all clones just before the cells were harvested (see Figure 5.13).
To determine SPO11 protein levels, western blot analysis was carried out on day 7 samples of
all the clones tested and this result showed a significant decrease of SPO11 proteins when
compared with the untreated HCT116-TetOn3G.15/SPO11 cells (Figure 5.14).
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5.3.5 Genomic DNA (gDNA) standard curve for HCT116

A genomic DNA standard curve, established using HCT116 gDNA, can be used to calculate
SPO11 copy numbers in the knockout clones generated during this project. HCT116 gDNA
contains two copies of SPO11. Given that the mass of the gDNA per genome can be
converted to picogram units using the formula (see Material and Methods 2.17.2), and the size
of the haploid human genome is estimated to be 3.4 x 109 Celera [Celera Genomics estimate
taken from the Applied Biosystems site which is approximately 3 billion bp (haploid)],
therefore, after calculated It was know that 3.3 pg of gDNA should contain 1 copy of SPO11.
A primer pair set flanking the CRISPR/Cas9 target site in intron 1 (Figure 5.16: purple) was
designed, (forward primer [1693F] and Reverse Primer [1820R] = product 127 bp) and a
standard curve was set up with HCT116 WT gDNA ranging from 100,000 to 0.1 copies of
SPO11 (Figure 5.15). This standard curve was used for comparison with a known
concentration of CRISPR gDNA clones (300 ng of 21 “KO”, 31 “KO” and 114
“heterozygote”) in order to compare gSPO11 intron 1 targeted regions between the different
CRISPR/Cas9 targeted cell lines. The WT (SPO11+/+) HCT116 cells should contain 2 copies
of the targeted region, the heterozygote should contain 1 copy (SPO11+/-) and the KO clones
should have none (SPO11-/-). Figure 5.17 shows the Cq values for gSPO11 intron 1 copy
number of (a) HCT116 (WT) the Cq values was between 100,000 and 10,000 (between log 45) and (b) the heterozygote 114 clones the Cq values between 10,000 and 1,000 (between log
3 and 4). The result suggests that there is a log difference in the copy number of the gSPO11
intron 1 region between HCT116 WT and the heterozygote 114 clones. On the other hand, the
Cq values for the knockout (KO) SPO11 cell lines (clones KO 21, KO 31 and KO 116) the Cq
values that ranged between log 0 and 2; there is a two-log difference between the
heterozygote and WT HCT116 cells and these clones (Figure 5.18).
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Figure 5.11 Growth analysis of HCT116-TetOn3G.15/SPO11
Time (Days)
proliferation with and without doxycycline of HCT116-TetOn3G.15/SPO11 clones KO 21, KO 31 and
heterozygote 114 compared to HCT116-TetOn3G.15 parental cells. The error bars represent the
standard deviation (n=3) for the total number of cells.
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Figure 5.12 The growth and proliferation of HCT116-TetOn3G.15/SPO11 knockout (KO)
SPO11 cells: KO 21, KO 31 and 114 heterozygote compared to controls. Knockout (KO) SPO11
cells: KO 21, KO 31 and heterozygote 114. The clones were cultured in tetracycline-free serum (no
doxycycline) for 2 weeks and compared to the HCT116-TetOn3G.15/SPO11 cells. The error bars
represent the standard deviation (n=3) for the total number of cells.
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Figure 5.13 Growth of the HCT116-TetOn3G.15 cells compared to knockout (KO) SPO11 cells:
KO 21 and KO 31. Cells were grown in tetracycline-free serum media (no doxycycline) for 2 weeks
then 75,000 cells were seeded to 6-well plates. For all cell lines, the images were taken over a period
of 6 days just prior to harvesting. The proliferation of the SPO11 KO cells was reduced compared to
the HCT116-TetOn3G.15/SPO11 cells.
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Figure 5.14 Western blot analysis of SPO11 protein in HCT116-TetOn3G.15/SPO11 cells after
CRISPR. KO 31, KO 21 and heterozygote 114 cells showed reduction in protein levels compared
with control HCT116-TetOn3G.15/SPO11 cells. The growth rate of these clones were assessed by
culturing in tetracycline-free serum (no doxycycline) for 2 weeks after that the cells were lysed in day
7. Loading was controlled by GAPDH.
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Figure 5.15 Samples from the qPCR standard curve for HCT116 gDNA. Cq values for the
HCT116 gDNA standard curve. gDNA HCT116 was serially diluted five-fold to generate a template
for the standard curve using the primer set illustrated in (b). Dilutions ranged from 5 = 100,000 copies
of gSPO11 equivalent to 330 ng gDNA, 4 = 10,000 copies, 3 = 1000 copies, 2 = 100 copies, 1 = 10
copies, 0 = 1 copy). The efficiency of the primer set was 93%. The standard curve amplifies a specific
product (as determined by the sequencing the PCR product). This standard curve was used to compare
the Cq values between knockout (KO) and heterozygote SPO11 genomic DNA samples.

Figure 5.16. SPO11 gDNA sequence. Part of the SPO11 gDNA sequence illustrates the coding
sequence (CDS) exon1 (red text) = 1536 bp to 1665 bp, yellow text = R/L homology arms (partial),
forward primer (1693F) and reverse primer (1820R) (purple text) = product 127 bp, (1734-1753) =
CRISPR/Cas9 targeted sequence cut at 1747 bp (+/-500 bp) missing in 1 copy of the heterozygote and
both are missing in SPO11 KO clones.
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(A)

(B)

Figure 5.17 Cq values for gSPO11 intron 1 copy number of (a) HCT116 and (b) the heterozygote
114 clones. (a) and (b) gDNA HCT116 standard curve (circles). (a) Cq values between 100,000 and
10,000 for HCT116 used at 300 ng gDNA per PCR reaction (between log 4-5) and (b) Heterozygote
clone (300 ng gDNA used per PCR reaction) - Cq values between 10,000 and 1,000 (Hetero – between
log 3 and 4). This result suggests that there is a log difference in the copy number of the gSPO11
intron 1 region between HCT116 WT and the heterozygote 114 clones. Cell derived values are
measured by ‘X’.
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Figure 5.18 Cq values for the knockout (KO) SPO11 cell lines. Clones KO 21, KO 31 and KO 116
gave Cq values that ranged between log 0 and 2; there is a two-log difference between the
heterozygote and WT HCT116 cells and these clones. Clone derived value are measured with ’X’.
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5.4 Short hairpin RNA (shRNA) depletion of SPO11
The study of SPO11 gene function through RNA interference (RNAi) results in a significant
inhibition of cell proliferation (Chapter 3). shRNA delivers short small interfering RNAs into
targeted mammalian cells in a manner that is more effective when compared to other
knockdown techniques (Moore et al., 2010). To confirm our siRNA and our deletion
observations it was opted for an inducible shRNA construct, which would target SPO11 only
in the presence of doxycyclin. HCT116 cells were transformed with viral vectors with
constructs containing the transactivator, the TetOn tetracycline response element and different
shRNA sequences against SPO11.
The different lineages were labelled “73”– targeting Exon 9, “13” – targeting Exon 10 and
“93” – targeting Exon 12, depending on the SPO11 shRNA sequence (Figure 5.19). The
resultant cell lines were able to express SPO11 shRNA in the presence of doxycycline (this
was done collaboratively with Dr. Ellen Vernon)). HCT116 cells were incubated with
negative control shRNA lentiviral particles or SPO11 silencing shRNA lentiviral particles in
collaboration with my colleague, Dr. Ellen Vernon; the results (Figure 5.20) show some of the
cell lines obtained during the lentiviral particle transduction of HCT116 cells, as well as the
selection, expansion and induction optimisation process. The cells were then treated with
doxycycline in order to activate transcription of the shRNA or a scramble control. In addition,
red fluorescent protein (RFP) antibody was used as a control for vector expression. Moreover,
the SPO11 mRNA level was assessed by qRT-PCR after 24 hours of doxycycline induction
(Figure 5.21). Only cell lines showing significant reduction were kept and subsequent
experiments were performed with these clones. SPO11shRNA-HCT116-93D showed a
positive response.
The WCEs were prepared during doxycycline treatment and western blot carried out to ensure
that successful SPO11 knockdown was achieved (Figure 5.22). As a result, significant SPO11
protein reduction was observed for HCT116 infected with SPO11 shRNA-93 lentiviral
particles in the presence of doxycycline. HCT116-SPO11shRNA-93 cells were plated (as
described in the Methods and Materials section) for proliferation analysis as these cells
showed the most significant reduction in both mRNA and protein levels.
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Figure 5.23 represents the cell count for the total number of HCT116 cells induced with
doxycycline (1 µg/mL) each day over a period of 7 days. The growth curves of this clone
show a marked reduction in the proliferation rate under doxycycline-treated cells when
compared with untreated cells. These results resemble the growth curves produced with
SPO11 siRNA-treated cells, as previously shown in Chapter 3.

Figure 5.19 Elements of the SMART vector inducible lentiviral shRNA vector. shRNA targeting
of SPO11 with pre-made lentivirus against three separate regions in SPO11 marked on gene map for
exon 9, 10, 12. Adapted from GE healthcare (http:/dharmacon.gelifesciences.com/shrna/smartvectorinducible-lentiviral-shrna/).
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Figure 5.20 SPO11 shRNA induction comparing total cell count relative to un-induced cells. The
cell lines obtained during the selection, expansion and induction optimisation process using three
different shRNA lentiviral particles (73 – targets Exon 9) – (93 – targets Exon 12) compared with
negative control shRNA particles (-ve) with and without doxycycline for 72 hours. shRNA-HCT11693D3- and shRNA-HCT116-73B3-induced cells show a marked reduction in the total number of cells
when compared to their un-induced controls.

Figure 5.21 RT-qPCR analysis showing SPO11 mRNA depletion in HCT116 using shRNA
lentiviral particles. SPO11 shRNA-HCT116 and negative control shRNA-HCT116 cell lines were
established using the TRIPZ inducible lentiviral system. Different clones were obtained (“73” – targets
Exon 9, “93” – targets Exon 12) and subjected to RT-qPCR. Results show SPO11 expression after 24
hours of treatment with doxycycline (Dox). Results show a marked reduction of SPO11 mRNA levels
in shRNA-HCT116-73D3 and shRNA-HCT116-93D3 cells compared with untransfected HCT116
cells. Results are normalized to GAPDH and ACTB, and relative fold change was computed using the
method. Error bars show the standard error of the mean.
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Figure 5.22 Western blot analysis showing the expression of SPO11 protein in SPO11 shRNA
targeted HCT116 cells with and without shRNA induction. SPO11shRNA-HCT116-93 cells were
induced with doxycycline for 24 hours. Results show a marked reduction of protein levels in shRNAHCT116-93 cells.

Time (Days)

Figure 5.23 Growth curves of untreated and doxycycline-treated HCT116-SPO11shRNA 93Dcells. Analysis of the growth and proliferation of SPO11 shRNA targeted cells in the presence and
absence of doxycycline showing a reduction in cell proliferation over time. The error bars represent
the standard error for the total number of cells as calculated for three repeats.
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5.5 Discussion
To study the function of human SPO11, the CRISPR/Cas9 KO cell line HCT116TetOn/SPO11 was created in our laboratory (in collaborating with Dr. Ellen Vernon) and was
used to investigate and analyse the cell growth and proliferation of HCT116 cells when
SPO11 levels are reduced. The most encouraging results were obtained when the HCT116TetOn cell line was transduced with CRISPR/Cas9 specifically designed to knock out exon 1
of SPO11, and this line showed a reduction in the growth and proliferation of cancer cells and
a reduction in SPO11 protein levels. This result was consist with siRNA knockdown and
confirmed that the reduction of SPO11 protein level in cancer cells may lead to inhibition of
cell proliferation, as demonstrated in Chapter 3. However, a full SPO11-deficient cell line was
never obtained as the doxycycline regulatable SPO11 cDNA construct could not be
completely switched off (‘is leaky’). Low level of SPO11 protein is present in these cells even
without Dox (as seen in Figure 5.13 SPO11 KO clones in the absence of doxycycline). Due to
the time constraints of this project, these cell lines could not be further manipulated to resolve
this “leaky” issue but future investigation is required in order to see whether it is possible to
completely switch off SPO11 in these cells. These data again support the idea that SPO11 is
essential for proliferation of cancer cells. The work in this chapter and Chapter 3
demonstrates the first preliminary evidence to suggest that SPO11 is required for mitotic
proliferation of cancer cells.
In Chapter 3 of the present study, SPO11 could be detected solely in the normal testis by
western blotting for normal tissues. SPO11 is needed for different functions during meiotic
cell division. SPO11 is a mediator of interhomolog associations in S. cerevisiae; spo11
mutants also reduce the length of the S-phase by 25% (Cha et al., 2000). Moreover, Spo11 is
responsible for initiating DSBs through Y135 residue (Bergerat et al., 1997); the Spo11
Y135F mutant does not affect S-phase but DSBs and SC are consequently not formed (Cha et
al., 2000). This suggests that SPO11Δ siRNAs may have meiotic s-phase defects; this
suggests a DSB-independent role for SPO11 in meiosis (Cha et al., 2000).
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The differences in survival between shRNA and CRISPR/Cas9 cells when compared to the
untreated and negative controls may provide clues to other, yet uncharacterised, roles of
SPO11 and indicates that it might be essential for cancer cell survival. The SPO11
heterozygous clone obtained during CRISPR/Cas9 targeting of HCT116 cells might have
survived as the cells retained sufficient levels of SPO11. In a previous study, homozygous
null mutation of SPO11 in mice was found to be responsible for the arrested development and
apoptosis of spermatocytes in the early prophase to mid-pachynema of meiosis (Smirnova et
al., 2006); if the same is true in cancer cells, then a full SPO11 KO might lead to apoptosis,
however none was observed.
As the siRNA results obtained in Chapter 3 and CRISPR/Cas9 SPO11 targeted HCT116 cells
in this chapter showed that the depletion of SPO11 affected cancer cell proliferation, shRNA
was used as an inducible system in the present chapter in order to downregulate the SPO11
gene in HCT116 cell lines. After doxycycline induction, HCT116-SPO11 shRNA clones
showed a reduction in SPO11 mRNA and protein levels. Proliferation assays using these
clones also showed a marked decrease in proliferation rates when comparing doxycyclinetreated and untreated clones. Doxycycline-treated shRNA-cell lines showed lower variable
knockdown efficiencies than HCT116-SPO11siRNA cells and CRISPR possibly due to the
amount of shRNA per cell compared to siRNA. However, it is also possible that SPO11
depletion is a leading cause of chromosome rearrangement at the time of mitotic cell division
due to incorrect replication and/or initiation of DSBs. The functional role of SPO11 in cancer
cells will be discussed in more detail in the final discussion (see Chapter 7).
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6. Cloning and expression of the novel cancer testis antigen
SPO11β in E. coli.
6.1 Introduction
The result from Chapter 3 and 5 demonstrated that SPO11 depletion reduced proliferation
potential of cancer cells, and showed that self-renewal in cancer stem-like cells is perturbed
upon SPO11-specific siRNA treatment. Taken together these results imply that SPO11 is
playing a role in cancer cell survival, and makes it a potentially valuable drug target.
Furthermore, from the immunofluorescence work in Chapter 3, where was demonstrated that
BLM and SPO11 co-localise in cancer cells, SPO11 could be acting as a topoisomerase/part
of a topoisomerase complex in mitotic cells, further elevating its drug targeting potential.
Previous structural work has already demonstrated that SPO11 is orthologous to the A-subunit
of TopoVI DNA topoisomerase. The recent identification of a partner protein for SPO11:
TopoVIB-like a protein similar in structure to the B-subunit of topoIV gives further support to
our hypothesis of a “topoisomerase-like” function for SPO11 in mitotic cells. (Robert et al.,
2016; Vrielynck et al., 2016). Topoisomerases have been conventionally used as a drug
targets in cancer treatment. Specifically, DNA Topoisomerase II (Top2) is a target of many
chemotherapies (Nitiss, 2009). Since Top2 is targeted by these pharmaceutical agents, the
cancer cells become unable to repair their damaged DNA, and will eventually be targeted for
apoptosis (Nitiss, 2009). It may be possible to target Spo11 as a form of therapy if this is the
case. So, it would be interesting to determine if SPO11 and TopoVIB-like (C11orf80) copurified in human cancer cells and have topoisomerase activity.
The aim of the work described in this chapter was to produce SPO11 protein in sufficient
quantity and quality by using the Glutathion S-transferase (GST) fusion system for use in xray crystallography in order to determine its structure. Once the 3D structure of SPO11 was
determined the hope was to identify residues on SPO11 that were important for protein
recognition/function and so develop new therapeutic drugs to specifically target SPO11.
Additionally, purified SPO11 was required to enable us to test the hypothesis that it could
function in conjunction with C11orf80 to act as a topoisomerase (purification of c11orf80 will
follow SPO11 purification) if so, then in vitro functional assays can be readily developed to
screen for activity inhibiting small molecules.
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In this chapter, it was subcloned the full length of Human SPO11 cDNA into pGEX-2T and
pGEX-6p-1 plasmids for inducible high level recombinant protein expression and purification
from bacterial cell lysates. This process, however, was not trivial and involved determining
the optimal conditions for maximal protein production in E. coli, purifying GST-tagged
SPO11 from the lysate using glutathione–agarose (GA) beads, and successful removal of the
GST tag. In addition, the GST-SPO11 fusion protein would be used to determine the
specificity of the commercial anti-SPO11 antibody (Abcam, ab81695).
The Glutathion S-transferase (GST) fusion system is a versatile system for the expression,
purification and detection of fusion proteins produced in E. coli (Smith, Johnson, 1988). To
date fusion proteins have been successfully used throughout scientific research: in the
development of vaccines, studying in vitro protein-protein interactions, for the production of
antibodies for use in biochemical methodologies (western blots, immunoprecipitation), to
further explore the structure of proteins using X-ray crystallography, and so on (Beckwith
2000). In addition E. coli is a particularly useful model organism for the expression of
proteins because is cost effective and both prokaryotic and eukaryotic proteins can be easily
expressed in large quantities (Hadders-Algra, 2008). The GST fusion system makes use of
plasmid vectors that contain the coding sequence for GST upstream of a multiple cloning site
where the cDNA of interest is cloned. The expression of the fusion protein is under the
control of an inducible tac promoter, all pGEX vectors are also engineered with an internal
lacIq gene. The lacIq gene product is a repressor protein that binds to the operator region of
the

tac

promoter,

preventing

expression

until

induction

by

Isopropyl

β-D-1-

thiogalactopyranoside (IPTG), thus maintain tight control over expression of the insert, and it
is this process that maintans tight control over expression of the insert. Followed by
restriction sites that allow the insertion in-frame of a cloned gene (Hadders-Algra, 2008), also
encode the recognition sequence for site-specific cleavage by PreScission Protease, or
Thrombin recognition site between the GST domain and the multiple cloning sites. Anti-GST
antibodies to these fusion tags are readily available to monitor fusion protein expression and
purification.
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6.2 Results
6.2.1 Subcloning of SPO11 into a protein production vector pGEX-2T

Purifying the SPO11 protein is necessary to perform studies on its function and structure. This
process was conducted by sub-cloning the full length SPO11β cDNA into the expression
vector pGEX-2T (Figure 6.1), which contains the coding sequence for the 26 kDa
glutathione S-transferase (GST) tag. The gene was released from the constructed plasmids
pTRE3G::SPO11 (Figure 6.2, 6.3) by digestion with the BamHI restriction enzyme. The
digested and purified pGEX-2T plasmid cut with BamHI (4948 bp) was used to ligate the
purified SPO11 cDNA (1191bp) for the generation of the recombinant plasmid (Figure 6.2).
The ligated plasmid pGEX-2T::SPO11 was then transformed into competent E. coli cells
(BL21) plated on an LB agar medium containing 100 mg/ml of ampicillin, and incubated
overnight at 37°C. Random colonies were selected, and PCR reactions were performed by
using internal primers for the SPO11 gene to confirm that the colonies with the correct
insertion were chosen. Colonies with a positive PCR were selected for overnight growth
(Figure 6.4). The recombinant plasmid pGEX-2T::SPO11 was digested successfully with the
BamHI enzyme. Analysis of the digestion on 0.8% agarose gels showed the presence of a fulllength insertion of SPO11 (1191bp). Undigested and digested pGEX-2T (4948bp) was used
for comparison with the recombinant plasmids (Figure 6.5). The recombinant plasmids were
confirmed with DNA sequencing to check for mutations and the correct gene orientation.
Universal pGEX primers and the internal primers for SPO11 were used for the DNA
sequencing listed in Table 2.7 (see Materials and Methods).
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Figure 6.1 The protein expression pGEX-2T plasmid was used to sub-clone the SPO11 cDNA.
The plasmid was digested with the BamHI restriction enzyme, and the cDNA was cloned into the
BamHI site.
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Figure 6.2 Schematic diagram of the sub-cloning strategy for the insertion of the SPO11 cDNA
into the fusion expression vector pGEX-2T. Step 1: The SPO11 cDNA was released from the
recombinant plasmids pTRE3G::SPO11 with the use of the BamHI restriction enzyme. Step 2: The
pGEX-2T plasmid was digested with BamH1 at the multiple cloning site (MCS) after the GST taq site.
Step 3: The SPO11 gene was cloned into pGEX-2T; the proteins have an N-terminal GST tag that aids
in recombinant protein purification.

Figure 6.3 The SPO11 cDNA was released from the plasmids pTRE3G::SPO11 by digestion with
the BamHI restriction enzyme.
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Marker

Figure 6.4 PCR profile analyses of the SPO11 gene after being cloned into the pGEX-2T
expression vector and transformed into BL21 expression E. coli. The gene was ligated at the
BamHI site with a ratio of 1:6 or 1:9 (plasmid:insert) and transformed into BL21 expression E. coli.
Random colonies were selected, and PCR was performed to check the possibility of transformation
with the use of the primer for the SPO11 gene. PCR products were fractionated on 1% agarose gel
stained with PeqGREEN DNA Day; 5 µl of HyperLadder I kb was used as a marker. Lanes 3, 4 and 5
are the colonies containing the SPO11 cDNA.

Figure 6.5 Digestion of recombinant pGEX-2T expression plasmids with the SPO11 gene. 0.8%
agarose gel stained with PeqGREEN DNA Day confirms the cloning of SPO11 into the pGEX-2T
plasmid. From left, Lane 1: digestion of recombinant pGEX-2T::SPO11; Lane 2: uncut recombinant
pGEX-2T::SPO11; 5 µl of HyperLadder 1 kb was used as a marker.
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6.3 Protein production
6.3.1 optimising the overexpression of SPO11 with GST fusion proteins in E. coli cells

Recombinant plasmid pGEX-2T::SPO11 was successfully transformed into E. coli BL21 to
assess protein production. The pGEX-2T plasmid encodes a 26 kDa GST tag, which can be
express under the control of the IPTG inducible tac promoter (Smith & Johnson, 1988).
Recombination proteins were obtained from three different clones, as confirmed by DNA
sequencing (Figure 6.5), and then induced in cells grown in LB media at 37°C by treatment
with 100 µM IPTG for 2, 3 and 5 hours, as described in Materials and Methods (Section
2.10.1). The total cell lysates of the IPTG-induced and un-induced cells were resolved on
SDS-PAGE gels. Analysis of the induced SPO11 fusion protein showed the expected size of
70 kDa, which corresponded to GST (≈26 kDa) fused to SPO11 (≈44 kDa). As positive
control, an empty pGEX-2T plasmid was induced at 30°C with 100 µM IPTG for 2, 3 and 5
hours to assess the experimental conditions. The yield of fusion GST alone (≈26 kDa) and/or
with fusion gene proteins showed a slight increase after 5 hours of induction with IPTG. No
fusion protein was observed either with pGEX-2T alone or with the recombinant insert in the
absence of IPTG. Coomassie blue stained gels were chosen to show protein production
(Figure 6.6). The best inductions of the GST/SPO11 fusion protein was obtained by treatment
at 30°C with 100 µM for 5 hours. Western blot analysis using an anti-GST antibody (Figure
6.7) was also performed to assess the positive induction of the recombinant plasmid. The
conditions were optimised under different temperatures (30°C, 37°C).
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Figure 6.6 Optimised induction of GST/SPO11fusion protein in BL21 E. coli cells. Comassie blue
stained gels show that the most optimised induction condition of the GST/SPO11 protein is induction
with 100 µM IPTG at 37°C for 5 hours, arrow shows fusion protein GST/SPO11 in (≈70 kDa). Uninduced and induced pGEX-2T alone was used in the analysis and the arrow showed the GST protein
in ≈26 kDa. Molecular weights are shown on the left in kDa.
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Figure 6.7 Western blot expression analysis of the induced GST/SPO11 fusion protein with the
use of an anti-GST antibody. The total cell lysates for different positive clones were induced with
IPTG cells and different temperature (30 °C, 37°C); the results were analysed with Westen blot using
an anti-GST antibody. Analysis of the induced GST/SPO11 fusion protein showed the expected size of
≈70 kDa, which corresponded to GST(≈26 kDa) fused to SPO11 (≈44 kDa).
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6.3.2 Determination the solubility of the GST/SPO11 fusion proteins

The solubility of fusion was examined under the most optimised induction condition (30°C
with 100 µM IPTG for 5 hours), as described in Materials and Methods (Section 2.10.2).
When both the pellet (insoluble) and the supernatants (soluble) of the induced IPTG cells
were run on SDS-PAGE gels, the Coomassie blue stained gels showed a clear band that was
obtained with the expected size of the induced pGEX-2T plasmid only and the GST/SPO11
fusion protein (Figure 6.8). The majority of GST/SPO11 was observed in the insoluble
fractions. Therefore, before the purification steps for the GST/SPO11 fusion proteins were
started, different conditions were examined to increase the solubility of the fusion proteins.
These conditions included different temperatures for fusion induction, different IPTG
concentrations and different times of sonication. Furthermore, the GST/SPO11 fusion protein
was shown to be insoluble in the absence of denaturing detergents, so we replaced the
solution in which the cells were lysed with a buffer containing different lysis buffers. In the
cell lysate process, the selection of sarkosyl was an advisable choice because sarkosyl was
previously examined as a type of detergent that generally stops the formation of co-aggregates
when used in the process (Frankel et al., 1991). It has also been suggested to maintain the
fusion protein in the solution without affecting its ability to bind to affinity columns, and to
facilitate the purification of insoluble proteins in high yields without affecting fusion protein
functions (Park et al., 2011). However, the use of 1%–2% sarkosyl with Triton X-100 at a
ratio of 1:200 (sarkosyl:Triton X-100) improves the solubility of GST/SPO11. The fusion
protein was also induced with a range of IPTG concentrations from 40 to 400 µM for 5 hours.
The use of different IPTG induction temperatures (the figure only shows data for 30°C
(Figure 6.9) revealed that decreasing the induction temperature to 30°C with 100 µM IPTG
increased the amount of recovered soluble protein. However, most protein still remained in
the insoluble fraction, as shown by Western blot expression analysis using an anti-GST
antibody (Figure 6.10) and a rabbit anti-SPO11 antibody (Abcam, ab81695) (Figure 6.11).
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Figure 6.8 Determining the solubility of the GST/SPO11 fusion protein. Coomassie blue stained
gels show the best optimised condition (30°C with 100 µM IPTG for 5 hours) when both the pellet
(insoluble) and the supernatants (soluble) of the induced-IPTG cells were run on SDS-PAGE gels.
(A) Un-induced and induced pGEX-2T protein alone were used to assess the induction arrow showed
the GST protein in ≈26 kDa. (B) arrow showed the soluble and insoluble fusion protein GST/SPO11
in (≈70 kDa).
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Figure. 6.9 Determining the solubility of the GST/SPO11 fusion protein with the use of different
concentrations of IPTG in BL21 E. coli cells. Comassie blue stained gels show the induction of the
fusion SPO11 protein ≈70 kDa following induction with 40, 100, 200, 400 µM IPTG at 30°C for 5
hours. Fusion GST/SPO11 shows an insoluble fraction (arrows) at all IPTG concentrations. Uninduced pGEX-2T alone or with SPO11 was used to assess the induction. Molecular weights are
shown on the left in kDa.
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Figur 6.10 Western blot expression analysis to determine the solubility of the GST/SPO11 fusion
protein with the use of an anti-GST antibody. The pellet (P=insoluble), the supernatants
(S=soluble) and the whole cell lysate (W) of the induced IPTG cells were run on SDS-PAGE gels. Uninduced and induced pGEX-2T alone were used to assess the analysis (≈26 kDa). The GST/SPO11
fusion protein showed the expected size of ≈70 kDa.
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Figure 6.11 Western blot expression analysis of the induced GST/SPO11 fusion protein to
determine the solubility of the SPO11 fusion protein. Western blot analysis using an anti-SPO11
antibody (Abcam, ab81695) shows the most optimised condition (30°C with 100 µM IPTG for 5
hours) when both the pellet (insoluble) and the supernatants (soluble) of the induced IPTG cells were
run on SDS-PAGE gels. Uninduced pGEX- 2T/SPO11 was used to assess the induction. The soluble
and insoluble fusion GST/SPO11 protein ≈70 kDa.
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6.3.3 Purification of produced fusion protein

Purification of the soluble GST/SPO11 fusion protein was performed with the use of Pierce
GST spin purification kits (Thermo) and GST Spin traps (GE Healthcare), as described in
Materials and Methods (Section 2.10.4). From the purification process of the GST/SPO11
fusion protein, Coomassie blue stained 4%–12% SDS-PAGE gel analysis showed that the
fusion protein did not bind to the column (Figure 6.12) compared with the control pGEX-2T,
which showed only a clear band with a size of ≈26 kDa. Furthermore, Western blot analysis
using an anti-SPO11 antibody (Abcam, ab81695) shows the same results (Figure 6.13).
Therefore, 5 mM DTT was added to the lysis buffer before extraction, as this significantly
increased the binding of the GST/SPO11 fusion proteins to immobilise glutathione. Then, the
GST/SPO11 protein was eluted from the resin bed by an elution buffer. The results showed
that the most fusion protein GST/SPO11 coming off and was clearly detected after elution.
Glutathione resins were collected after the purification process and were boiled to examine
whether the fusion proteins was still bound to the resins after the elution steps. The study
found that less amount of fusion protein GST/SPO11 remained associated with the column
resins and did not release (Figure 6.14).
6.3.4 Thrombin cleavage of the fusion protein

Thrombin can be used to cleave any protein containing a thrombin cleavage site (see
Materials and Methods, Figure 2.2); the approximate size of thrombin is ≈37 kDa. The soluble
GST/SPO11 protein was purified in this experiment with the use of the optimal conditions for
purification. The material used for purification was Pierce glutathione Spin columns (see
Materials and Methods, Section 2.10.4). After purification, the fusion protein on the column
was incubated with thrombin for cleavage and removal of the GST tag (Figure 6.15). In the
next step, the quantity of thrombin required for the incubation, along with the estimated
incubation time and temperature, was examined. The best temperature was 22°C, and the
incubation time were from 1 to 6 hours. Furthermore, the amount of thrombin used in the
reaction was 50–150 Unit/mg (one unit cleaves 100 µg protein, theoretically). 15 mg of the
total GST/SPO11 fusion protein lysate was loaded onto different columns for purification and
cleavage on the column, and then SDS-PAGE was used to estimate the yield, purity and
extent of digestion.
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The results show that the fusion protein was degraded by extensive incubation with thrombin
for 6 hours; different results were obtained by increasing the amount of thrombin. The
optimal condition was achieved by incubating 150 unit/mg of thrombin concentration for 2
hours and shaking it at 22°C; this condition showed bands in 44 and 37 kDa. By contrast,
incubation with a thrombin concentration of 50 unit/mg showed a band of 37 kDa. Both
conditions were analysed by Western blot using an anti-SPO11 antibody (Abcam, ab81695)
and an anti-GST antibody (Figure 6.16). Although the thrombin cleavage was successful,
most of the GST/SPO11 fusion protein remained sufficiently uncleaved. SDS-PAGE analysis
using silver staining and Coomassie blue for monitoring the SPO11 protein after cleavage
with thrombin showed that some of the GST/SPO11 fusion proteins passed through the first
flow-through centrifugation and were released from the column after thrombin was cleaved
(Figure 6.17).
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Figure 6.12 Coomassie blue stained 4%–12% SDS-PAGE gel analysis after the purification of
the GST/SPO11 fusion protein. E. coli cells were grown in LB media at 37°C with fusion proteins
containing either (A) pGEX-2T only or (B) GST/SPO11 fusion protein, and induced with 100 µM
IPTG for 5 hours. The whole cell lysate was solubilised by using 2% Triton X-100 and 2% sarkosyl,
and then purified by using GST thermo purification columns. From left to right; molecular weights are
shown on the left in kDa; M: Protein marker: 1: Whole cell lysate of cells induced with 100 µM IPTG;
2: Soluble fraction (supernatant); 3: Flow-through fraction from the column; 4: First wash with the
equilibration/wash buffer; 5: Second wash; 6: Third wash; 7: First elution buffer centrifugation; 8:
Second elution buffer; 9: Third elution. (A) Arrows show a clear band of GST with a size of ≈26 kDa.
(B) Arrows show that the fusion protein did not bind to the column.
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Figure 6.13 Western blot analysis after expression and purification of the fusion GST/SPO11
protein with the use of an anti-SPO11 antibody (Abcam, ab81695). E. coli cells were grown in LB
media at 37°C with the fusion proteins containing either (A) pGEX-2T only or with (B) SPO11, and
induced with 100 µM IPTG for 5 hours. The whole cell lysate was solubilised by using 2% Triton X100 and 2% sarkosyl, and then purified by using GST thermo purification columns. From left to right,
Lane 1: Soluble fraction (supernatant) of the cells induced with 100 µM IPTG; 2: Flow-through
fraction from the column; 3: First wash with the equilibration/wash buffer; 4: First elution buffer
centrifugation; 5: Second elution buffer. Molecular weights are shown on the left in kDa.
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Figure 6.14 Western blot analysis after expression and purification of the fusion GST/SPO11
protein in BL21 E. coli cells lysed with DTT; (A) used an anti-GST antibody, and (B) used an antiSPO11 antibody (Abcam, ab81695). DTT was added to the lysis buffer before extraction to increase
the binding of the GST/SPO11 fusion protein. After sonication, the soluble materials were recovered
by centrifugation, and Triton X-100 was added to a final concentration of 1%. The soluble fusion
protein was then isolated from the E. coli cell lysates by absorption onto glutathione agarose beads in
the column; purification of the soluble fusion protein of GST/SPO11 was performed by using Pierce
GST spin purification, followed by elution from the column by the elution buffer and centrifugation at
700 x g for 2 minitus. From left to right, Lane 1: Soluble fraction (supernatant) of the cells induced
with 100 µM IPTG; 2: Flow-through fraction from the column; 3: First wash with the
equilibration/wash buffer; 4: First elution; 5: Second elution buffer, 6: Resin-bed were collected and
boiled after the purification of the fusion protein; protein remained bound to the column resins.
Molecular weights are shown on the left in kDa.
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Figure 6.15. Flow chart of the affinity purification procedure and the thrombin cleavage of the
GST fusion proteins. (Figures taken from the GST Gene Fusion System, Amersham Biosciences).
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Figure 6.16 Western blot analysis to monitor the SPO11 protein after being cleaved with
thrombin on a column that used (A) an anti-SPO11 antibody (Abcam, ab81695) and (B) an antiGST antibody. Purification columns were used; they were first bound to the fusion protein and
washed, and the supernatant was removed and then replaced with a mix of different units of thrombin
solution (150 and 50 units) and different incubation times (1, 2, 4, 6 hours) at 22°C and then elution
from each column purification then they were collected and analysed by Western blot using an antiSPO11 antibody (Abcam, ab81695). From left to right, Lane 1: Elution of the non-cleavaged
GST/SPO11 fusion protein showed that a band in 70 kDa was loaded as the control; 2: 150 units of
thrombin incubated for 1 hours; 3: 150 units of thrombin incubated for 2 hours; 4: 150 units of
thrombin incubated for 4 hours; 5: 150 units of thrombin incubated for 6 hours. Lane 6: 50 units of
thrombin incubated for 1 hours; 7: 50 units of thrombin incubated for 2 hours; 8: 50 units of thrombin
incubated for 4 hours; 9: 50 units of thrombin incubated for 6 hours. Molecular weights are shown on
the left in kDa. The band with 44 kDa indicates the position of the SPO11 protein after being cleaved
with thrombin, which can be identified by a comparison with the elution of the non-cleavaged protein
(GST/SPO11 fusion protein) 70 kDa.
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Figure 6.17 SDS-PAGE analysis using silver staining and Coomassie blue to monitor the SPO11
protein after being cleaved with thrombin. Silver staining and Coomassie blue stained 4%–12%
SDS-PAGE gel analysis showed the SPO11 protein after being cleaved with thrombin and after
undergoing shaking at 22°C for 2 hours. Molecular weights are shown on the left in kDa. An arrow
indicates the position of the SPO11 protein after cleaved. Two bands were cut out sized (44 and 37
kDa) and sent for mass spectrometry analyses to sequence.
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6.4 Sub-cloning of SPO11 cDNA into the protein production vector pGEX-6p-1
As noted in Section 6.3.4, the results showed that multiple bands were observed at 44 kDa
and 37 kDa on SDS Gel electrophoresis following thrombin cleavage when using Western
blot and Coomassie blue staining. The smaller bands (37 kDa) indicated suspected cleavage
of SPO11 with thrombin (non-specific cutting). Therefore, the lack of purity in the SPO11
protein after thrombin cleavage suggested that thrombin was not sufficient for cleaving the
GST/SPO11 fusion protein. Consequently, the pGEX-6p-1 vector was used.
In the present study, the expression construct was prepared by inserting the SPO11 genes into
the multiple cloning sites of pGEX-6p-1, as described previously (Section 6.2.1 and Section
2.10, Materials and Methods). pGEX-6p-1 encodes the recognition sequence for site-specific
cleavage between the GST domain and the multiple cloning site with PreScission Protease
(Figure 6.18). As PreScission Protease has been provided with a GST tag, it can
successfully be separated from the cleavage mixture concurrently with the GST part of the
fusion protein. pGEX-6p-1 expression vectors allow a suitable site-specific cleavage and an
instantaneous refinement in glutathione sepharose (Kaelin, et

al., 1992). The SPO11

genes were released from the constructed plasmids pTRE3G::SPO11 (Figure 6.3) by digestion
with the BamHI restriction enzyme. The digested and purified pGEX-6p-1 plasmid with
BamHI (4984 bp) was used to ligate the purified SPO11 cDNA (1191 bp) for generating the
recombinant plasmid (Figure 6.19). The ligated plasmid pGEX-6p-1::SPO11 was then
transformed into BL21 competent cells. Plated on an LB agar medium containing 100 mg/ml
of ampicillin and incubated overnight at 37°C. Random colonies were selected, and PCR
reactions were performed by using the internal primers for the SPO11 genes to confirm that
the colonies with the correct insertion were chosen. Colonies with a positive PCR were
selected for overnight growth. Recombinant plasmid pGEX-6p-1::SPO11 was digested
successfully with the BamHI enzyme. Analysis of the digestion on 0.8% agarose gels showed
the presence of a full-length insertion of SPO11 cDNA (1191 bp). Digested pGEX-6p-1 (4984
bp) was used for comparison with the recombinant plasmids pGEX-6p-1::SPO11 (Figure
6.20). The recombinant plasmids were confirmed by DNA sequencing to check for unwanted
mutations and the correct gene orientation. Universal pGEX primers and the internal
primers for SPO11 were used for the DNA sequencing listed in Table 2.7 (see Materials and
Methods).
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Figure 6.18 protein expression pGEX-6p-1 plasmid was used to sub-clone the SPO11 cDNA. The
plasmid was digested with BamHI restriction enzyme and the gene was cloned in to the BamHI site.
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Figure 6.19 Schematic diagram of the sub-cloning strategy for the insertion of the SPO11 gene
into the fusion expression vector pGEX-6p-1. Step 1: The gene of interest was released from the
recombinant plasmids pTRE3G::SPO11 with the use of the BamHI restriction enzyme. Step 2: pGEX6p-1 plasmid was digested with BamH1 at the multiple cloning site (MCS) after the GST taq site. Step
3: The SPO11 gene was cloned into pGEX-6p-1; the proteins have an N-terminal GST tag, which aids
in recombinant protein purification.
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Figure 6.20 Digestion of recombinant pGEX-6p-1 expression plasmids with the SPO11 gene.
0.8% agarose gel stained with PeqGREEN DNA Day confirms the cloning of SPO11 into the pGEX6p-1 plasmid. From left, Lane 1: Cut of the pGEX-6p-1 vector; Lane 2: Cut recombinant pGEX-6p1::SPO11; 5 µl of HyperLadder 1 kb used as a marker.
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6.4.1 optimizing the overexpression of SPO11 with GST fusion proteins in E. coli cells

Recombinant plasmid pGEX-6p-1::SPO11 was successfully transformed into E. coli BL21 to
assess protein production. The pGEX-6p-1 plasmid contains a region encoding a 26 kDa GST
tag, which can be express under the control of the IPTG-inducible tac promoter (Smith and
Johnson, 1988). The production of recombination proteins was obtained from clones induced
by growing cells in LB media at 37°C and treating with 100 µM IPTG for 5 hours, as
described above (Sections 6.3.1 and 2.10.1, Materials and Methods). Analysis of the induced
GST/SPO11 fusion protein showed the expected size of 70 kDa. To determine the
solubility of the GST/SPO11 fusion proteins, the same condition described above was
applied (Section 6.3.2). Both the pellet (insoluble) and the supernatants (soluble) were
evaluated by using an anti-GST antibody, an anti-SPO11 antibody (Abcam, ab81695) also,
Coomassie blue stained gels showed the induction in both insoluble and soluble (Figure 6.21).
The results showed that the GST/SPO11 fusion protein still remained in the insoluble fraction
(Figure 6.21).
6.4.2 purification of produced fusion proteins and PreScission Protease cleavage of the fusion
protein

For the purified GST/SPO11 fusion protein, the same condition was applied, as described
above (Section 6.3.3), and then the fusion protein was cleaved with PreScission Protease, as
shown in Figure 6.22. Coomassie blue stained 4%–12% SDS-PAGE gel analysis showed that
the fusion protein cleaved, and the band was in the expected size of SPO11 protein 44 kDa
(Figure 6.23), as confirmed by Western blot analysis using an anti-SPO11 antibody (Abcam,
ab81695); the same result was obtained after cleaved the fusion protein with PreScission
(Figure 6.23).
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Figure 6.21 Determining the solubility of the GST/SPO11 fusion proteins. Both the pellet
(insoluble) and the supernatants (soluble) showed the inductiom of the SPO11 fusion protein with 100
µM IPTG at 37°C for 5 hours. (A) Western blot expression evaluated the induction of the GST/SPO11
fusion protein with the use of an anti-GST antibody. (B) Western blot expression evaluated the
induction of the GST/SPO11 fusion protein with the use of an anti-SPO11 antibody. (C) Comassie
blue stained gels evaluated the induction of the GST/SPO11 protein. Arrows show equal induction in
the expected size of 70 kDa in both (insoluble) and (soluble) fractions, corresponding to GST (≈26
kDa) fused to SPO11 (≈44 kDa).
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Figure 6.22. Flow chart of the affinity purification procedure and PreScission Protease cleavage
of the GST fusion proteins. (Figures taken from the GST Gene Fusion System, Amersham
Biosciences).
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Figure 6.23 Monitoring the SPO11 protein after PreScission Protease cleavage. (A) Coomassie
blue stained 4%–12% SDS-PAGE gel analysis showed that (1): PGEX-6p-1 (control) cleaved on the
column with the enzyme; (2): Fusion protein (PGEX-6p-1/SPO11) cleaved on the column; an arrow
indicates the SPO11 protein 44 kDa. (B) Western blot analysis used an anti-SPO11 antibody; (3):
PGEX-6p-1 (control) cleaved on the column with the enzyme; (4): Fusion protein (PGEX-6p1/SPO11) cleaved on the column; an arrow indicates the SPO11 protein 44 kDa.
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6.5 Discussion
Oncogenesis is multifactorial, and emerging findings indicate cancer cells take on various
germ cell-like characteristics (Mcfarlane, 2014; Feichtinger, 2014)). These germline genes are
largely made up of the so-called cancer/testis (CT) genes, which are normally expressed in the
testis of adult males, but become activated in cancers. CT genes have significant clinical
interest because they encode cancer-specific antigens, which are novel immunotherapeutic
and drug targets (Gjerstorff, 2015).
The SPO11 protein has been reported to be a CT gene and has been associated with premeiotic DNA replication (Koslowski, 2002). It is also a TOPOVIA-like (type IIB
topoisomerase-like) protein, which acts in concert with the recently identified TOPOVIB subunit. Together these proteins mediate the formation of DNA double-strand breaks (DSBs) that
initiate the inter-homologue meiotic recombination required for meiosis I reductional
segregation (Robert, et. al, 2016).
The result in Chapter 3 was demonstrated that the SPO11 protein level was present in almost
all cancer cell lines examined, but not present in healthy somatic tissues. This result confirms
previous data demonstrating that SPO11 is indeed a CTA, and also that SPO11 depletion
reduced proliferation potential of cancer cells (results in Chapter 3 and 5). Taken together
these results support the hypothesis that SPO11 role in cancer cells, making it a potentially
valuable biomarker in terms of both cancer diagnosis and prognosis. Furthermore, it believe
that SPO11 is potentially acting as a topoisomerase, because co-stained cancer cells with
antibodies to SPO11 and BLM showed good co-associated, together.
Recent advancement in functional and structural genomics has made high-level protein
expression necessary for successful characterization of proteins. Proteins produced on a mass
scale are of important use, for example, in pharmaceutical processes (e.g. high-throughput
screens) as well as studying 3D protein structure in order to delineate residues important in
protein function (Sury et al., 1999; Stevens, et al., 2000). E. coli is among the best studied
microorganism, and has been established as a robust and cost-effective host for heterologous
protein expression of many proteins (Makrides, et al., 1996).
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pGEX-2T and pGEX-6p-1 have been used in this study to express the SPO11 protein, Our
attempt was successful to purified SPO11 in E. coli and the fusion protein was easily
identified in western blot using commercial anti-GST HRP antibody, which should detect the
SPO11 protein size because they have already cloned with the GST. The GST moiety located
at the N-terminus followed by the SPO11 protein. Importantly, theses results also confirm the
anti-SPO11 antibody’s specifity. However, The purified SPO11 protein also was analysed by
SDS-PAGE gels stained with Coomassie dye and band in expected size 44 kDa was cut in
size and sent for analysed by mass spectrometry and the result confirm that contain pure
SPO11 protein.
The SPO11 protein obtained after purification was not pure enough for crystal structure, but is
potentially good enough to reconstitute type IIB topoisomerase activity and standard
topoisomerase assay in vitro will provide the basis for the future development of high
throughput drug screening of topoisomerase VI activity inhibition. However, our results also
showed in most cases, the thrombin cleavage was inefficient and little of fusion proteins were
cleaved even at high thrombin concentration (>1:50 of thrombin to substrate). This study
suggests that the inefficient cleavage of fusion protein by thrombin may be due to the
accessibility of the thrombin recognition site.
The work described in this chapter has focussed on the cloning and optimal expression of
GST-tagged SPO11 in order to not only validate the SPO11 antibody used in this thesis but
also to obtain enough pure protein for crystal structure purposes. A topoisomerase VIB-like
partner protein for SPO11 in miosis was recently identified (Robert et al., 2016) Vrielynck et
al., 2016) it could be that SPO11 requires topoVIBL as a partner to derive meiotic
proliferation activity. These preliminary finding suggest SPO11 functions via a
topoisomerase-like mechanism in cancer cells and this gene may have important applications
in cancer drugs and therapeutic targets. So, it would be interesting to determine if SPO11 and
topoVIBL co-purified in human cancer cells and have topoisomerase activity.
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7. Summary and general discussion
Cancer is complex genetic/epigenetic disease. In most cases normal cells are transformed into
cancer cells by the multi-step process of carcinogenesis. Carcinogenesis can be divided into
three main steps:

initiation, progression and termination. Carcinogenesis involves the

accumulation of both genetic and epigenetic alterations in different genes. The three mostcommonly affected gene categories are: oncogenes, tumour suppressor genes and genes
involved in maintaining genomic stability (Hanahan & Weinberg 2011). In normal cells, the
processes of cell growth and differentiation are tightly regulated by the proteins encoded by
these genes, in order to maintain tissue homeostasis. Ultimately, a fundamental aim is to
design targeted therapeutics to treat cancer without the limitation of potential adverse side
effects on normal cells. Therefore, different biomarkers have been discovered that play key
roles in detecting cancer and developing clinical applications (Joshi et al., 2016).
In terms of the latter, new human-specific antigens, known as CTAs, have gained a good deal
of clinical interest, and have been identified as potential targets for immunotherapy and their
corresponding genes have expression normally restricted to the testis of adult males, but
become activated in cancers (Fratta, et al., 2011; Whitehurst, et al., 2014). Moreover, CTAs
have emerged to be a unique group of antigens that could potentially be important targets for
antigen-specific cancer immunotherapy (Caballero & Chen, 2009; Costa et al., 2007). Several
studies have connected the function of CTA genes to the promotion of proliferation of
different cancer cells, such as breast cancer and melanoma cells (Lajmi et al., 2015; Maxfield
et al., 2015; Wang et al., 2016).
Oncogenesis is caused by a variety of factors, and recent research has demonstrated that
cancer cells share some characteristics with germ cells (McFarlane, 2014; Feichtinger, 2014).
Recent findings demonstrate that genes encoding factors that normally regulate meiotic
chromosomes have other functions, which control oncogenic genome dynamics. For example,
REC8 is a meiosis specific cohesin that could function in oncogenesis to drive changes in
ploidy and reduces chromosome segregation in mitotically proliferating cells (Folco, et al.,
2017; Erenpreisa, et al., 2009).

179

Chapter 7: Results
Another example is SYCP3, the meiotic synaptonemal complex protein, which has been
shown to disrupt recombination mediated repair and drive ploidy changes in cancer cells
(Hosoya, et al., 2011). In addition, inter-homologue recombination regulator HOP2-MND1
has been demonstrated to be essential for oncogenic lengthening of telomeres via an internon-homologue break-induced replication (BIR)-mediated pathway (Cho, et al., 2014).
Interestingly, SPO11 protein has been identified as a CTA (Koslowski, 2002). SPO11 has
been shown to be associated with pre-meiotic DNA replication processes (Cha, et al., 2000).
Also it’s structure is highly conserved, being similar to a TOPOVIA-like (type IIB
topoisomerase-like) protein that acts in concert with TOPOVIB to generate DSBs that create
the inter-homologue meiotic recombination required for meiosis I reductional segregation
(Robert et. al, 2016;Vrielynck, et al., 2016).
The study propose that in cancer cells, some proteins including SPO11, SYCP3, PRDM9 and
DMC1 may interrupt the mechanism that maintains genomic stability. Therefore, affecting the
number of chromosomes in cells or enhancing chromosome rearrangement can be implicated
of germ cell activation in cancer cells (Atanackovic et al., 2011; Costa et al., 2007; Nielsen &
Gjerstorff, 2016). Therefore, meiotic-like cell processes can be induced by up-regulation of
meiotic proteins in somatic cells, leading to oncogenic genetic alterations and modification. In
cancer

cells,

unsuitable

inter-homologue

recombination

and

inter-chromosomal

recombination may occur from up-regulation of meiosis-specific proteins (Caballero & Chen,
2009). So, SPO11 may have an important role in cancer initiation and chromosomal
instability and may have meiotic-like functions in these cells leading to chromosome
rearrangement or mis-segregation and plays an important role in mitotic chromosome
dynamics.
Also, it has been suggested that SPO11 might have oncogenic functions separate to forming
DSBs because it’s expression is not limited to male germ cells (Nielsen & Gjerstorff, 2016).
Janic et al., (2010) studied the ectopic expression of germ-line genes in Drosophila tumours
and concluded that the initiation and activation of these genes provides a proliferative
advantage in cancer cells.
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This supports the theory of soma-to-germline transformation in the carcinogenic processes,
which is driven by the activation of germ-line genes, which includes CTAs (McFarlane et al.,
2014). In this specific situation, SPO11 might be activated in cancer cells as part of this
transformation, which might contribute to their acquisition of a proliferative advantage.
Our study demonstrated the function and involvement of SPO11 in cancer cells. Koslowski et
al. (2002) reported that SPO11 (CT35) is a CTA gene since its expression was detected in
testis and in various cancer cells, including melanoma, lung and cervical cell lines, but not in
normal tissues. In concurrence with this data this thesis showed that SPO11 protein was found
to be present in the testis and also detected in all cancer cell lines tested, but not in other
normal tissues, via western blot analysis. Moreover, this thesis demonstrated that the SPO11
protein was found to be required for cancer cells, where its depletion reduced the proliferative
potential of cancer cells and significantly reduces the self-renewal capability of cancer stemlike cells and cancer cells. This data, taken together, suggests that cancer cells could have an
obligate requirement for SPO11 to act as an oncogenic proliferative driver. Hence, this
intrinsic feature could make SPO11 a candidate therapeutic target for different cancer types.
Importantly, our work validated the Abcam (ab81695) SPO11 antibody via knockdown
experiments and cloning-specific GST tags, in order to confirm the identification of SPO11 as
a CTA gene.
The data presented in this thesis from western blot analysis and immunofluorescence staining
indicated that the localisation of SPO11 protein in cancer cells seems to be mainly nuclear. In
addition, co-staining with a BLM-specific antibody provided evidence to suggest that SPO11
could function together with BLM helicase as a topoisomerase to de-catenate segregating
duplexes. BLM has been shown to play an important role in controlling homologous
recombination (HR), which aims to repair DSBs and dissolve double Holliday junctions
(dHJs) (Kikuchi et al., 2009; Wu & Hickson, 2003). SPO11 is homologous to the
topoisomerase subunit TopoVI A in archaebacteria. This protein is structurally related to the
Type IIB family of eukaryotic topoisomerases, which acts in concert with the recently
identified TOPOVIB subunit. Together these proteins mediate the formation of DNA (DSBs)
that initiate the inter-homologue meiotic recombination required for meiosis I reductional
segregation (Robert, et. al, 2016).
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However, Rouzeau & Cordelières (2012) found that Topo IIα proteins are localised to the
centromere to undertake normal decatenation during replication by BLM and PICH. As a
homolog of the Topo IIB protein subunit, it is possible that the BLM protein will be able to
recognise SPO11 in the same manner as the topoisomerase. It may be that in cancer cells,
BLM is able to colocalize with the SPO11 protein, and use this mechanism to recruit SPO11
to the chromosomes.
Work described in this thesis demonstrates that the reduction of SPO11 protein affected the
cell proliferation, which was more efficient at gene silencing methods, suggesting that SPO11
is essential for cancer cell growth. This finding is supported by the observation in this thesis
that the majority of SPO11 protein depletion was seen in the floating cells, which were
generated after SPO11 knockdown. Remarkably, some studies have also seen that the level or
rate of tumour invasion and cell viability was also significantly reduced when depleting some
CTAs, such as, XAGE1, SSX4 and GAGE in Melanoma cell lines (Caballero et al., 2013).
Based on the results presented in this work, the reduction of SPO11 (using SPO11-specific
siRNAs) largely affected the size of the population of floating cells compared to attached
cells.
SPO11-depleted HCT116 colonospheres did not appear to result in senescence or apoptosis as
assessed by caspase-3 cleavage and β-galactosidase assays, respectively. However, when
given suitable conditions for growth this can lead to the recovery of the cells from
proliferation arrest. This is consistent with SPO11-depleted cells being in a quiescent-like
state. The quiescent state is adopted in stem cells for the preservation of the main functional
features of the cells. Cells in this state remain poised and ready to be activated, rather than
being inactive or dormant (Cheung & Rando, 2013). In this thesis, a stable SPO11 knockout
colon cell line (HCT116) was created using CRISPR/Cas9 (Clustered Regularly Interspaced
Short Palindromic Repeats) technique to generate null mutation of the two endogenous
SPO11 alleles. These cells were shown to have a reduced growth and proliferation rate in
conjunction with a reduction in SPO11 protein levels. This result was consist with siRNA
SPO11 knockdown and confirmed that the reduction of SPO11 protein levels in cancer cells
used in this thesis may lead to inhibition of cell proliferation. HCT116 cells which overexpressed SPO11 (in a doxycycline-controlled manner) showed no significant effect on cell
proliferation.
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In addition, HCT116 cells were generated which expressed SPO11 only in the presence of
doxycycline. After doxycycline induction, HCT116-SPO11 shRNA clones showed not only a
reduction in SPO11 mRNA and protein levels, but also a marked decrease in proliferation
rates and elongated doubling times when comparing untreated clones and treated controls.
Doxycycline-treated shRNA-cell lines showed lower knockdown efficiencies than HCT116SPO11siRNA cells and CRISPR/Cas9 clones possibly due to the amount of shRNA per cell
compared to siRNA/KO cell lines. However, it is also possible that SPO11 depletion is a
leading cause of chromosome rearrangement at the time of mitotic cell division due to
incorrect replication and/or initiation of DSBs.
The SPO11 protein obtained after purification was not pure enough for crystal structure
determination, but is potentially good enough to use in a standard topoisomerase assay in
vitro and will provide the basis for the future development of high throughput drug screening
of topoisomerase VI activity with associated drug inhibition. These preliminary findings
might suggest that SPO11 functions via a topoisomerase-like mechanism in cancer cells, and
this gene may have important applications in the development of new cancer drugs. It would
be interesting to determine if SPO11 and topoVIBL, the partner protein for SPO11, could be
co-purified in human cancer cells and be shown to have topoisomerase activity in vitro using
a standard topoisomerase assay employed for Archaeal TopoVI (using Archaeal TopoVI as a
positive control). However, ultimately it is the study of the SPO11 crystal structure which will
help to understand its physiological role as well as identify key structural amino acids and
residues that can be targeted with designer drugs. This will contribute to a greater
understanding of how/what proteins interact with SPO11, and to be able to specifically target
SPO11 in order to limit proliferation of cancer cells.
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7.1 Closing remarks
The result from this thesis has shed some light into the essential role of SPO11 protein in
cancer cells making it a valuable therapeutic target for cancer. In addition, since SPO11 is a
CTA gene, it could be used for future development of new-targeted cancer drugs.
Understanding the implications of SPO11 gene and protein product as they pertain to the
diagnosis and treatment of cancer will become increasingly important since the incidence of
cancer and its related mortality rates are rising around the globe. SPO11 is one of the genetic
factors that contribute to the development of cancer by supporting tumour growth via
abnormal meiotic cellular processes. Since SPO11 is overexpressed in cancer cells, and is
absent in normal cells, it is feasible for researchers to utilise their knowledge of this
biomarker to create pharmaceutical interventions that specifically target cancer cells only for
destruction leaving health cells undesirably.

SPO11 demonstrates potential as an early

diagnostic tool as well as a measure of disease outcomes. It might become an important asset
in tumour stratification, resulting in different therapeutic treatments for different stages/types
of cancer.
The results in this thesis provide an important basis for further future investigation of the role
of SPO11 into other cancer cell types, and could lead to SPO11 being identified as an
important cancer biomarker. Therefore several suggestions for further investigations are
proposed:
-The study of the SPO11 crystal structure will help to understand its physiological role as well
as identify key amino acids involved in structure and also residues that can be targeted with
designer drugs. Small inhibitors can be designed in silico and they have to be produced and
tested both in vitro and in vivo.
-The crystal structure of topoisomerases is valuable tools for drug developers because this
information could be utilised to determine the best structure-based designed for
pharmaceuticals. This will contribute to a greater understanding of how/what proteins interact
with SPO11, and to be able to specifically target SPO11 in order to limit proliferation of
cancer cells. A topoispmerase VIB-like partner protein for SPO11 in meiosis was recently
identified, TOPOVIBL it could be that SPO11 requires TopoVIBL as a partner to drive
mitotic proliferation activity.
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TopoVIBL levels might be the limiting factors and so it could be worth studding this
possibility further, this was not done as TopoVIBL was only identified as a SPO11 binding
partner late in this work. So, it would be interesting to determine if SPO11 and TopoVIBL copurified in human cancer cells and have topoisomerase activity. A topoisomerase assays for
purified SPO11 and TOPOVIBL protein could be developed and used to test small molecule
inhibitors in vitro. Also, carrying out co-immunoprecipitation (co-IP) using antibodies against
the SPO11- interacting partners followed by western blotting to detect SPO11.
Lastly, it remains unclear whether SPO11 is directly working in tumours in situ. This is a
difficult thing to discern. Aside from immunohistochemistry to assess the extent of the
presence of SPO11, tumour cells could be used to directly derive tumour spheres and the role
of SPO11 in their formation and maintenance could be assessed, although this provides a
number of technical challenges.
So, overall, SPO11 represents a new cancer-biomarker and therapeutic targets. Gaining
insight into the function of SPO11 in cancers will enable to better understand ontogenesis and
design appropriate clinically relevant therapeutics to take advantage of the cancer-specific
nature of SPO11 activity.
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