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Summary  

 

The identification and characterisation of novel cancer-specific biomarkers and/or targets is 

a key challenge for establishment of successful diagnostic, prognostic and 

immunotherapeutic strategies. Cancer/testis (CT) genes are an attractive group of genes that 

encode proteins that are restricted to the human testis and malignant tumours but are not 

expressed in healthy somatic cells. The testes are an immunologically privileged site; 

therefore, CT genes represent important targets/biomarkers in the diagnosis and treatment 

of cancers. 

Here, targeted genes identified from a literature search for meiosis-specific genes as well as 

from bioinformatics pipelines were analysed using RT-PCR in a range of normal and 

cancerous cell types. Ten out of 24 genes were identified as promising CT genes as they were 

expressed in cancer cells but not in normal tissues. A subsequent meta-analysis of seven 

testis-restricted genes in a microarray data set also identified five genes that were up-

regulated in clinical samples derived from patients. The use of hypomethylation (5-aza-2ˈ-

deoxycytidine) and/or histone deacetylation (trichostatin; TSA) drugs further identified a 

new class of CT genes with refractory transcriptional silencing. In contrast, STRA8 and 

TDRD12 were transcriptionally regulated by DNA methylation and histone acetylation. 

Western blot analysis revealed the presence of PRDM9 protein in nearly all cancer cell lines; 

PRDM9 was localised in the nucleus in three cancer cell lines and in the cytoplasm in NT2 

cells. Knockdown of PRDM9 protein in HCT116 and SW480 cells reduced the survival of 

cancer cells, with a major effect seen with siRNA-7. This may indicate an oncogenic role for 

PRDM9 in cancer cells, this was explored further using an over expression system.  

Finally, PRDM7 and PRDM9 were overexpressed in E. coli cells using a Glutathione S-

transferase (GST) Gene Fusion System, but the proteins were found mostly in the insoluble 

fraction and were difficult to purify.  
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Chapter 1.0 Introduction 

1.1 Cell cycle  

Two types of cell division occur in eukaryotic organisms: mitosis and meiosis. During mitotic 

cell division, a single diploid parental cell divides to produce two identical daughter cells that 

have an equal number of chromosomes. Mitotic cell division normally occurs in somatic cells 

as part of the normal cell cycle and maintains the chromosome complement. Mitosis is 

important for tissue homeostasis and replacement of dead cells and damaged tissues 

(reviewed in  Walczak et al., 2010; Silkworth and Cimini, 2012).  

Meiosis is a special form of cell division required for sexual reproduction in higher 

eukaryotes. In meiosis, diploid cells in the gonads divide to generate haploid gametes, the 

sperm and egg cells (reviewed in Marston and Amon, 2004). This process is a key source of 

genetic variation and information reshuffling between paternal and maternal chromosomes 

and generates new combinations of alleles in the population (Segurel, 2013). Meiosis and 

mitosis are highly regulated, so that errors in these two processes are associated with 

genetic diseases (Miller et al., 2013).   

During the normal mitotic cell cycle, each cell duplicates the genomic content and divides to 

generate two daughter cells. The cell cycle has four stages: Gap-1 (G1), Synthesis (S), Gap-2 

(G2; also known as interphase) and mitosis (M). During interphase, cells spend most of their 

lives growing in size and replicating the chromosomal DNA (Figure 1.1). During the M phase, 

the replicated sister chromatids are segregated into the two daughter cells (reviewed in 

Kronja and Orr-Weaver, 2011).  

The cell cycle in eukaryotic cells is highly conserved and controlled by a series of restricted 

checkpoints. These checkpoints are required to ensure genome integrity and to provide the 

opportunity for the cells either to complete cell division or to exit into a resting/quiescent 

phase (the G0 phase). Central to this process are set of proteins termed cyclins and their 

associated cyclin-dependent kinase (Cdk) proteins. For instance, if the chromosome is not 

attached correctly to the mitotic spindle during the M phase, checkpoints will prevent the 
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cell from completing division. Consequently, dysregulation of cell cycle regulators is a 

hallmark of cancer and tumourigenesis (Aarts et al., 2013).  

 

 

 

 
 
 
 
 
 

Figure 1.1. A schematic representation of the events in the eukaryotic cell cycle.  The cell cycle 
has two main stages: interphase and mitosis (M). Interphase consists of three phases: Gap-1 (G1), 
Synthesis (S) and Gap-2 (G2). During the G1 phase, the cell grows in size and synthesise mRNA and 
structural proteins in preparation for DNA synthesis. During the S phase, DNA is replicated so that each 
chromosome is duplicated. During the G2 phase, the cell grows in size, protein is synthesised and the 
cell prepares to enter into mitotic cell division. The M-phase is composed of two parts: nuclear 
segregation (mitosis) and cytoplasmic cell division (cytokinesis). Mitosis consists of five sub stages: 
prophase, prometaphase, metaphase, anaphase and telophase. G0 is the resting phase or quiescent 
state occurring between the cell cycle. 
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1.1.1 Mitotic cell division 

During the S-phase of mitosis, DNA replicates once, followed by one round of chromosome 

segregation, resulting in two identical daughter cells. Mitotic cell division is divided into 

different distinct phases in terms of the chromosome organisation and behaviour: prophase, 

prometaphase, metaphase, anaphase, telophase and cytokinesis (Figure 1.2). During the 

prophase stage, the replicated chromosomes, which contain two sister chromatids held by 

cohesin complex proteins (see Section 1.2.3 for details), begin to condense, gradually 

becoming shorter, thicker and easily visualised. The two centrosomes migrate to opposite 

poles of the cell and the mitotic spindle begins to assemble out of the nucleus (reviewed in 

Walczak et al., 2010; Silkworth and Cimini, 2012). During the prometaphase stage, the 

nuclear envelope breaks down in higher eukaryotes and the chromosomes attach to the 

mitotic spindle microtubules via a structure known as the kinetochore. In the metaphase 

stage, the chromosomes line up at the equator of the cell on the metaphase plate, halfway 

between the two spindle poles. The spindle microtubules are attached to paired 

kinetochores, before chromatid separation is signalled. During the anaphase stage, the two 

sister paired chromatids are separated and move in synchrony toward the opposite poles, 

resulting in the disruption of the cohesin between the sister chromatids. In the telophase 

stage, the chromosomes arrive at the opposite poles and decondense, and a new nuclear 

envelope reforms around each daughter nucleus. During cytokinesis, the cytoplasm of the 

cell is segregated into two distinct daughter cells (reviewed in Petronczki et al., 2003; 

Walczak et al., 2010).  

1.1.1.1 Meiotic cell division 

In contrast to mitosis, meiosis is a specialised form of cell division required for sexual 

reproduction and produces four different daughter cells, each with one set of chromosomes 

(reviewed in Marston and Amon, 2004). The meiotic programme begins with a single phase 

of DNA replication, followed by two successive rounds of chromosome segregation (meiosis I 

and meiosis II). In meiosis I (reductional division), the chromosome numbers are halved as 

the homologous chromosomes segregate into two individual nuclei (Figure 1.2). During 

meiosis II (equational division), the sister chromatids segregate from each other into four 
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individual gametes without an intervening S-phase (reviewed in Petronczki et al., 2003; 

Marston and Amon, 2004; Lichten and de Massy, 2011). 

The stages of meiosis I and II have some similarities to mitosis but also have some 

fundamental differences. In the first meiotic division, homologous chromosome pair and 

become physically connected, followed by their subsequent segregation from each other. In 

the second meiotic division, the chromosomes segregate in a mitotic-like fashion without a 

further DNA replication step. There are different distinct stages of meiosis I and II: prophase, 

metaphase, anaphase and telophase (reviewed in Handel and Schimenti, 2010).  

During prophase I, homologous chromosomes pairing is initiated to allow close association 

by synapsis. This process allows the exchange of paternal and maternal DNA to form 

homologous recombination that generated crossover (CO) events. During metaphase I, the 

joined homologous chromosome pairs (bivalents) align along the metaphase plate, to direct 

bipolar tension on the bivalent prior to anaphase I. At anaphase I, the recombination 

mediated connections are resolved and chromosomes reductionally segregate. At telophase 

I, the nuclear membrane generates the two daughter cells, ending meiosis I (reviewed in 

Handel and Schimenti, 2010). 

Cells then undergo meiosis II without an intervening S-phase or DNA replication. During 

meiosis II, the sister chromatids, which remain connected via centromere-associated 

cohesion, align on the metaphase plate halfway between the two spindle pores in 

metaphase II, followed by pulling of the sister chromatids to opposite poles in anaphase II. 

During telophase II, cells divide to generate four genetically different haploid gametes cells, 

known as spermatids in the male and ova in the female (Handel and Schimenti, 2010; Miller 

et al., 2013). 

1.1.1.2  The sub-stages of prophase I  

In eukaryotic cells, prophase I is one of the longest and most complex phases of meiotic cell 

division. Several biological events occurring in prophase I can differentiate meiosis from 

mitosis. Prophase I is divided into five sub-stages based on the cytological landmarks of 

chromosome structure and movements to leptotene, zygotene, pachytene, diplotene and 

diakinesis (Zickler and Kleckner, 1998; Zickler, 2006) (summarised in Table 1.1).   



Chapter 1.0  Introduction 

5 
 

 

 

 

 

 

 

 

Figure 1.2. Comparison between meiotic and mitotic cell division. Four nonidentical haploid cells 
are generated during meiotic cell division, whereas two identical diploid cells are produce during 
mitosis. (A) Meiosis involves two rounds of chromosome segregation: meiosis I (reductional division), 
and meiosis II (equational division), which are followed by a single phase of DNA replication. (B) 
Mitosis in contrast, involves one round of chromosome segregation after DNA replication to generate 
two identical daughter cells (Adapted from Alberts et al., 2013). 
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Table 1.1. Summary of the key events occurring in the sub-stages of prophase I. 

Sub- stage of 
prophase I 

Discretion of meiosis events 

Leptotene Chromosomes start to condense and become thin. Telomeres 
begin to cluster as late leptotene as homologue pairing initiates. 

Zygotene Telomere clustering continues, leading to formation of the 
“bouquet structure”. 
Homologue pairing is complete and synapsis occurs. Synapsis 
initiates as a result of the formation of a highly proteinaceous axis 
component known as the synaptonemal complex (SC). 

Pachytene Synapsis is complete. 
Reciprocal recombination between homologues forms chiasmata 
(resolution of which can form crossovers). 
The resulting cross-linked structure is term a bivalent. 

Diplotene The bivalents begin to separate but remain attached by the 
chiasmata. 

Diakinesis Chromatids condense further. 
Centrioles/spindle pole bodies begin to migrate to opposite poles 
of the nucleus. 
Bivalents congregate on the metaphase plate. 
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1.1.2 The main different between mammalian male and female meiosis 

Meiosis is a germline-specific division in which haploid gametes sperm and egg are produced 

from a diploid cell. Although, the meiosis process is similar, crucial differences exist between 

female and male meiosis. In mammalian females, meiosis initiates before birth during foetal 

ovarian development. During oocyte development, the homologous recombination pairs 

remain associated and arrest in prophase I for a long period until ovulation, depending on 

the species (for example, months in mice or years in humans). Recombination is re-activated 

in the oocyte at puberty as a result of hormone stimulation (Figure 1.3). The second arrest 

occurs in metaphase II and requires fertilisation to complete meiosis. The result of this 

process is only one mature egg and two polar bodies, which afterward degenerate. In the 

male germline, meiosis occurs at puberty and proceeds continuously; the spermatocytes 

need about one week to complete meiosis II (reviewed in Von Stetina and Orr-Weaver, 2011; 

Baillet and Mandon-Pepin, 2012). 

 

 

 

 

 

 

 

Figure 1.3 Time course comparison between meiosis in both male and female mammals. Meiosis 
is initiated during foetal development in females with two arrests: one in prophase I and released after 
puberty as a result of hormonal stimulation; and the second one in metaphase II, which requires 
fertilization to complete meiosis. In males, meiosis is a continuous process after puberty, occurring 
without any arrest. (Adapted from Baillet and Mandon-Pepin, 2012). 
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1.2 Conserved features in meiosis 

Many model organisms, such as yeasts (Schizosaccharomyces pombe and Saccharomyces 

cerevisiae) and mice, share common molecular mechanism of meiosis many of which appear 

to be conserved in humans, and they can therefore be used to study the complexity of 

meiosis. Studying the meiosis mechanism directly in humans is difficult; consequently, many 

processes remain incompletely understood. However, three main features are conserved in 

meiosis and are required for successful meiotic division. First, homologous chromosome 

pairing is essential for initiation of recombination between homologous chromosomes, 

which leads to genetic information exchange. The physical connections between 

homologous chromosomes are termed chiasmata and the outcome of this recombination is a 

reciprocal exchange crossover (CO) between homologous chromosomes (Zickler and 

Kleckner, 1999). Second, during mitosis and meiosis II, the microtubule spindle of sister 

kinetochores must attach to the opposite poles, a process known as bi-orientation or bipolar 

orientation. In contrast, during meiosis I, homologous chromosomes attach to the same 

spindle pole, known as mono-orientation or monopolar orientation. Third, during meiosis, 

cohesion between the sister chromatids dissolves in two steps. During anaphase I, cohesin in 

the chromosome arm is eliminated but centromeric cohesin is protected to hold the sister 

chromatid for completion of meiosis I. Cohesin complex is completely destroyed in anaphase 

II (Bishop and Zickler 2004). These events are driven by coordination of a number of meiosis-

specific proteins. Some of the key events in meiosis I and aberrant of expression of these 

genes in germline cells in normal somatic cells could be involved in aneuploidy and cancer 

development (Bishop and Zickler, 2004; Lindsey et al., 2013; Feichtinger et al., 2014b; 

McFarlane et al., 2014). 

1.2.1  Homologous recombination 

Programmed homologous recombination (HR) is an important feature of meiotic prophase I 

and a key source of genetic information exchange for generation of new combinations of 

alleles in the population. In addition, HR is source of genomic instability associated with 

various human diseases (Segurel, 2013). Two distinct outcomes are recognised for the 
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recombination products: crossover (CO) and non-crossover (NCO), in which at least one 

obligated crossover event per bivalent is required during meiosis (Baudat et al., 2013). 

1.2.1.1 Double strand breaks (DSBs) 

DNA DSBs are among the most hazardous types of genomic DNA damage, where both 

strands of the DNA helix break. Several factors are known to induce DSBs, including 

endogenous factors such as DNA replication problems or DNA damage by agents such as 

exposure to ultraviolet (UV) light, ionising radiation and chemical modification of the DNA 

agents (reviewed in Abbotts et al., 2014). In addition, DSBs are deliberately initiated in 

meiosis after DNA replication to maintaining genome integrity and ensure accurate 

homologous segregation (Longhese et al., 2009). Unpaired DSBs are the major source of the 

genomic instability and chromosome rearrangement. For instance, mismatch repair of the 

DNA in a germline mutation is associated with one of the most common inherited cancer-

predisposition syndromes known as hereditary non-polyposis carcinoma coli (HNPCC) 

(reviewed in Abbotts et al., 2014). 

Two major pathways are available for repair of DSBs: nonhomologous end joining (NHEJ) and 

homology–direct recombination (HR). In mammalian cells, HR mediated DNA repair occurs 

during the S and G2 phases of the cell cycle and it tends to use the sister 

chromatids/homologous chromosomes as a template for the synthesis new DNA at the DSB 

site. In contrast, the NHEJ occurs in the G1 phase, during which the DNA ends are recognised 

and rejoined at the two broken ends, rather than using a homologous sequence to guide 

DNA repair (reviewed in Lord and Ashworth, 2012).   

1.2.1.2 Meiotic recombination 

Meiotic recombination is initiated by induction of meiotic DSBs, which are generated by a 

conserved topoisomerase II-like enzyme protein SPO-11 (Bergerat et al., 1997; Keeney et al., 

1997). SPO11 orthologues are involved in meiotic recombination in all sexually reproducing 

species including yeasts (known as Spo11 in S. cerevisiae and Rec12 in S. pombe) and 

mammals. 

Mammals have two main variants of SPO11 proteins: SPO11-α and SPO11-β (reviewed in 

Metzler-Guillemain and de Massy, 2000; Romanienko and Camerini-Otero, 2000; Bellani et 
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al., 2010). SPO11-β is the larger variant and contains amino acids encoded by an additional 

exon. It is proposed to be responsible for the generation of the majority of DSBs because it is 

expressed in early prophase I when the majority of the DSBs occur. SPO11-α is produced in 

late prophase I at the beginning of the early pachytene (Bellani et al., 2010). The specific 

function of SPO11-α remains elusive; however, the absence of SPO11-α is associated with a 

reduction in the number of DSBs in the sex chromosome in male mice (Kauppi et al., 2011).  

SPO11 acts as a dimer and catalyses breakage of both strands of the DNA molecule and 

remains covalently linked at the 5′ end through a tyrosine that is conserved in SPO11 

orthologues. The SPO11 is removed through the association of several proteins such as the 

MRN complex (MRE11-RAD50-NBS1) in mammals and fission yeast, or the MRX complex 

(Mre11-Rad50-Xrs2) in budding yeast. The outcome is a DSB with a 3′ single-stranded DNA 

(ssDNA) overhang (Figure 1.4) (reviewed in de Massy, 2013). An involvement of the 

MRN/MRX complex proteins has been identified in the activation of the DNA damage 

checkpoint and telomere maintenance in both meiotic and mitotic cells (Longhese et al., 

2010). The nuclease ExoI and the BLM (Bloom syndrome protein) are thought to mediate 

DSB resection from the 5′-3′ direction, away from the DSB, whereas Mre11 endonucleases 

resect from the 3′-5′ direction towards the DSB end (Garcia et al., 2011; Shibata et al., 2014). 

The ssDNA-binding protein, or protein A (RPA) plays an important role in the affinity and 

binding of Rad51 to ssDNA. Strand invasion into a homologous form is initiated by loading of 

Rad51 and DMC1 (in meiosis) recombinases to create nucleoprotein filaments (reviewed in 

Holthausen et al., 2010). The meiosis-specific RAD51 paralogue DMC1, which is a member of 

the recombinase Rad51/RecA family, also associates with Rad51 to search for a homologous 

pair template to form the dissociation loop (D-loop) (Kagawa and Kurumizaka, 2010; Dray et 

al., 2011). A number of other factors including the breast and ovarian cancer-related 

proteins (BRCA1 and BRCA2), as well as the PALB2 protein, are involved in the formation of 

Rad51 nucleoprotein filaments (Yu et al., 2001; O'Donovan and Livingston, 2010).  

Double Holliday junctions (dHJs) are then formed from the result of ssDNA invasion and 

ligation to the other complementary strand, with association of different proteins such as 

Rad52 (reviewed in Lok and Powell, 2012) and Rad54 (reviewed in Mazin et al., 2010). The 



Chapter 1.0  Introduction 

11 
 

cleavage of dHJs generates either crossovers (COs) or non-crossovers (NCOs), depending on 

the enzymatic cleavage orientation (Schwacha and Kleckner, 1995). In vitro, three 

endonuclease enzymes can resolve the dHJs including Slx1-4(BTBD12), Mus81-Mms4 (EME1) 

complex and GEN1. However, in vivo, the enzymes responsible for creating dHJs remain 

poorly understood. For example, in S. cerevisiae, the majority of dHJs are resolved by EXO1, 

Mlh1-Mlh4 and Sgs1 (Zakharyevich et al., 2012). 

1.2.1.3  Initiation of DSB Hotspots 

Recombination events are not randomly distributed among the genome; in fact, they appear 

to be concentrated only in specific segments, termed hotspots. In humans, several studies 

have shown that the initiation of recombination occurs in narrow sites approximately 1 to 2 

kb long (Jeffreys et al., 2001). These specific sites are marked by trimethylation of lysine 4 of 

Histone H3 (H3K4) (Borde et al., 2009; Buard et al., 2009; Smagulova et al., 2011). In mice 

and humans, the PR-domain containing protein 9 (PRDM9; known as Meisetz in mice) has 

been identified to have a critical role in regulating recombination by binding to these 

hotspots (Baudat et al., 2010; Myers et al., 2010; Parvanov et al., 2010). 

In mammals, PRDM9 is a zinc finger protein belonging to a large family of PRDM proteins 

(this family contains 16 members in mice and 17 in humans). It consists of three main 

domains: a PR/SET domain (which confers the activity of histone methyltransferase); a C2H2 

zinc finger repeat domain (reviewed in Fumasoni et al., 2007; Baudat et al., 2013) and a 

KRAB (Kruppel-association box) protein-protein binding domain, which is normally found in 

transcriptional repressors (Figure 1.5 A) (Birtle and Ponting, 2006; Oliver et al., 2009). It is the 

only member of this family with this domain, other than the paralogous protein PRDM7, 

which is encoded by a duplicate of PRDM9 (Fumasoni et al., 2007). 

The production of the zinc finger protein PRDM9 is restricted to germline cells and encodes a 

histone methyltransferase activity at the PR/SET domain for trimethylation of lysine 4 of 

Histone H3 (H3K4) in mice (Hayashi et al., 2005). Recent studies found this protein also has 

high mono-, di- and trimethylation activity of lysine 4 of Histone H3 (H3K4) (Wu et al., 2013; 

Eram et al., 2014) as well as trimethylation activity of lysine 36 of Histone H3 (H3K36) activity 

(Eram et al., 2014). Furthermore, PRDM9 was found to methylate the other core histones, 
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H2A, H2B and H4, although to a lesser degree than H3. A single C321P mutation in the 

PR/SET domain led to weak activity of PRDM9 through inhibition of interaction with S-

Adenosylmethionine (SAM) (Wu et al., 2013; Xiaoying et al., 2014). In addition, the zinc 

finger protein has a degenerate 13-bp motif, CCNCCNTNNCCNC, which associated with DSB 

locations in human hotspots (Myers et al., 2010). A mouse study showed that Prdm9/Meisetz 

is expressed in the early stages of meiosis and that disruption of this gene leads to hybrid 

sterility in both sexes resulting from a severe deficiency in the DSB repair pathway, deficient 

pairing of homologues and failure of sex body formation (Hayashi et al., 2005). The zinc 

finger domain contains tandem repeats; gene sequencing of this domain in 20 mouse strains 

identified five different zinc finger repeats responsible for binding different DNA specific sites 

(Parvanov et al., 2010).   

The molecular mechanism of hotspot activation remains poorly understood. However, the 

zinc finger protein is proposed to bind to the specific DNA motif via the C2H2 zinc finger 

domain (Figure 1.5 B). Subsequently, the PR/SET domain activates H3K4me3 on adjacent 

nucleosomes. The KRAB may play a critical role in interactions with other proteins for 

inducing DSBs by the SPO11 protein (reviewed in Parvanov et al., 2010; Baudat et al., 2013). 
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Figure 1.4. Schematic diagram of meiotic recombination through the DSB pathway. Two main 
recombination pathways are presented: the non-crossover (NCO) pathway on the right and the crossover 
(CO) pathway in the left. The DSB is initiated by cleavage of both strands of the DNA by SPO11 at the 5’ 
ends of the DNA, followed by removal of SPO11 by MRN/MRX protein complex to generate 3’ single 
strand DNA (ssDNA) overhangs. Then, a single 3’ end overhang invades the other homologue to initiate a 
D-loop; DNA synthesis then occurs, using the other homologues as a template. This formation is unstable 
and the decision is made in this step to generate crossover (CO) or non-crossover (NCO). In the CO 
pathway, double holiday junctions (dHJs) can be resolved to generate crossover or dissolved to produce 
non-crossover depending on the enzymatic cleavage orientation. Otherwise, non-crossover can occur as a 
result of the D-loop dissociation and invasion of the opposite end of the original strand. This pathway is 
termed synthesis dependent strand annealing (SDSA), which leads to gene conversion. (Adapted from 
Handel and Schimenti, 2010). 
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Figure 1.5. Schematic showing the PRDM9 structure and the mechanism of hotspot activation. (A) 
PR domain-containing protein 9 (PRDM9) is a histone methyltransferase composed of three domains: 
KRAB (Kruppel-associaton box) containing SSXRD (synovial sarcoma X breakpoint domain); PR/SET 
domains encoding a histone methyltransferase activity and a C2H2 zinc finger domain. (B) The proposed 
mechanism of PRDM9 binding to the specific DNA motif via the C2H2 zinc finger domain. Subsequently, 
the PR/SET domain activates H3K4me3 on adjacent nucleosomes. The KRAB (Kruppel-association box) may 
play a critical role in interaction with other proteins for recruitment of the DSBs by the SPO11 protein  
(Adapted from Baudat and Frédéric, 2013). 
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1.2.2 The synaptonemal complex 

The synaptonemal complex (SC) is a large, proteinaceous, zipper-like structure. It is involved 

in the mediation of the stable connection between the two homologous chromosomes 

(synapsis) during prophase I of meiosis. The SC is known to have a critical function in the 

formation the crossover during meiosis I. It has been proposed to play an important roles in 

CO interference in a number of orgasims but its actual role is not well understood. However, 

failure of SC assembly can lead to infertility and production of aneuploid germ cells in 

mammals (Handel and Schimenti, 2010; Fraune et al., 2014). In females, oocyte aneuploidy 

can be caused by a defect in synapsis and this can lead to pregnancy loss (Fraune et al., 2012; 

2014). Three highly conserved domains of the SC are known: (1) the lateral elements (LEs), 

(2) the transverse filaments (TFs), and (3) the central element (CE)(Figure 1.6 ) (Page and 

Hawley, 2004).  

 

During the early stage of the leptotene, the homologous chromosomes pair to form the axial 

elements (AEs) along each chromosome. The two AEs of the homologues are then known as 

lateral elements (LEs) at zygotene, when the homologues are fully synapsed (Fraune et al., 

2012). The main known structural proteins specific to the LEs are SYCP2 (Offenberg et al. 

1998) and SYCP3 (Lammers et al., 1994). An involvement of cohesion complex proteins 

(cohesin cores), including REC8, STAG3 and SMC1β proteins, is proposed to facilitate the 

formation and localisation of AEs/LEs (Page and Hawley, 2004). Mutations in the proteins 

involved in AE formation lead to disruption of sister chromatid cohesin, recombination and 

chromosome segregation (Shin et al., 2010). HORMA-domain proteins (HORMAD1 and 

HORMAD2) are critical component of AEs and preferentially localise to the unsynapsed 

chromosome axis to facilitate SC formation. In the mouse, HORMAD1 is thought to ensure 

that sufficient unpaired DSBs are available for successful homology searches, to establish a 

local alignment between homologous chromosomes and to facilitate CO formation (Daniel et 

al., 2011).  
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The second structure of the SC is the transverse filament (TF) which consists of large coiled-

coil homodimers. The TFs are thought to serve as bridges between the two LEs and the 

central element (Figure 1.7). SYCP1 is the only TF protein known; it consists of two globular 

heads associated head-to-head with CE via the N-terminal; the C-terminal interacts with the 

LEs (Liu et al., 1996) .   

 

The third structure of the SC is the central element (CE), which is composed of four known 

proteins: SYCE1 and SYCE2 (Costa et al., 2005), SYCE3 (Schramm et al., 2011) and TEX12 

(Hamer et al., 2006). In mammals, SYCE1 and SYCE3 co-localise in the CE and interact with 

SYCP1. This distribution of SYCE1 and SYCE3 leads to failure of SC initiation (Costa et al., 

2005; Hamer et al., 2006; Schramm et al., 2011). In contrast, SYCE2 associates with TEX12 to 

form a complex that indirectly interacts with SYCE1 (Hamer et al., 2008; Davies et al., 2012). 

These finding suggest that SYCE1 and SYEC3 have a role in the initiation of synapsis 

(Schramm et al., 2011), whereas, SYCE2 and TEX12 have a role in SC extension (Davies et al., 

2012).  
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Figure 1.6. Schematic showing the structure of the synaptonemal complex (SC). SC is composed of 

two lateral elements (LEs), which are associated with the central element (CE) via transverse filaments 

(TFs) (Adapted from Page and Hawley, 2004). 
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Figure 1.7. A model of the synaptonemal complex (SC) assembly. The two lateral elements (LEs) are 

initiated from the axial elements (AEs) composed of SYCP2, SYCP3, cohesin cores and HORMA-domain 

proteins. Transverse filaments consist of SYCP1 and form a bridge between the two LEs and the central 

element (CE). CE is made up from SYCE1, SYCE2, SYCE3 and TEX12. (Adapted from Fraune et al., 2012)  
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1.2.3 The cohesin complex  

Cohesin is a multiprotein structure that holds two sister chromatids together in its tripartite 

ring structure from the S-phase until the metaphase-to-anaphase transition. It is essential for 

faithful chromosome segregation in meiotic and mitotic cell division. Cohesin plays a 

fundamental role in the life of the cell, including generation sister chromatid cohesion (SCC) 

(Mehta et al., 2012) and formation and repair of DNA double-strand breaks (DSBs) in both 

meiosis (Kim et al., 2010) and mitosis (Sjögren and Nasmyth, 2001). It is also involved in the 

assembly of the AEs of the synaptonemal complex during meiosis (Kim et al., 2010; Klein et 

al., 1999) and acts as a transcriptional regulator in yeast (Lin et al., 2011). Recently, mutation 

of cohesin subunit SA2 (STAG2) in mice has confirmed an association with aneuploidy and 

tumourigenesis (Remeseiro et al., 2012). Furthermore, mutations of STAG2, RAD21, SMC1 

and SMC3 of cohesin genes have been identified in acute myeloid leukaemia (Welch et al., 

2012). They also linked to other genetic diseases referred to as cohesinopathies (Skibbens et 

al., 2013). 

The cohesin complex is made up of two main structures: (1) two members of the structural 

maintenance of chromosome (SMC) family, SMC1 and SMC3, and (2) klesin proteins (Figure 

1.8). SMC1 and SMC3 are conserved from yeast to humans and are rod-shape proteins with a 

coiled coil flanked globular domain with an ATPase activity at one end and a dimerisation 

domain at the other end (Gruber et al., 2003). The dimerisation domain “hinges” of SMC1 

and SMC3 are tightly associated with each other and form a V-shaped structure. The ATPase 

head of these proteins is associated with the SCC1/RAD21 α-klesin subunits. The fourth 

domain of cohesin is SCC3/SA, which interacts with SCC1/RAD21 as well as Pds5 and WapL 

subunits (reviewed in Mehta et al., 2012).  

In mammals, two types of SMC1 are identified: SMC1α that is expressed during mitosis and 

SMC1β that is expressed in meiosis. The α-klesin subunits are also composed of three 

subunits: SSC1/RAD21 in mitosis or RAD21L and REC8 in meiosis. The α-klesin binding 

subunit SCC3/SA has two homologs: stromalin antigens termed SA1/STAG1 and SA2/STAG2 

in mitosis, whereas in meiosis these are defined as SA3/STAG3. The Pds5 protein is 
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composed of two subunits: PDS5A and PDS5B, so these create approximately 18 possible 

combinations for the formation of the cohesin complex (Nasmyth, 2011).    

The mechanism of creating and triggering cohesin during meiosis and mitosis is not fully 

understood; however, four different models have been proposed for the cohesin ring: (1) a 

one ring (embrace) model (Figure 1.9 A); (2) a two ring model (Figure 1.9 B); (3) a multimeric 

bracelet (Figure 1.9 C); and (4) a multimeric rod shaped model (Figure 1.9 D). The simplest 

model and the most popular is the one ring (embrace), which explains how cohesin holds 

two sister chromatids together with a single ring in terms of known protein-protein 

interactions (Mehta et al., 2012; Nasmyth, 2011).   

 

 

 

 

 

 

 

Mitosis                                     Meiosis 

Figure 1.8. Schematic composition of the cohesin complex structure in meiosis and mitosis. Two 
members of the SMC protein family—SMC1α in mitosis and SMC1β in meiosis (brown)—as well as 
SMC3 (purple) are involved. The α-klesin subunits bind to SMC1 and SMC3 heterodimers to form a V-
shaped structure of cohesin. (Adapted from Mehta et al., 2012). 
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Figure 1.9. Schematic composition of four ring models proposed for the sister chromatids 

holding by cohesin. (A) Embrace model where the cohesin ring holds the sister chromatids by one 
ring. (B) The two ring model entraps the sister chromatids with five possibilities and the handcuff 
model is more popular due to experimental evidence supporting this model.(C) The bracelet model 
suggests that the sister chromatids are linked with cohesin rings by oligomerisation in hand to hand 
fashion. (D) The Rod model suggests that the cohesin rings are linked with each other by their SMC rod 
region to form a rod thick structure. (Adapted from Mehta et al., 2012). 
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1.3 Errors in meiosis and mitosis 

Genome integrity is based on the faithful segregation of duplicated chromosomes to 

generate daughter cells during cell division. During meiosis, failures in chromosome pairing 

and /or mis-segregation lead to a non-disjunction state that is associated with aneuploid 

gametes. Aneuploidy in gametes is a condition in which the chromosome number is 

abnormal: gametes carry an extra copy of the chromosome (termed trisomy) or one copy 

(known as monosomy). In humans, aneuploidy is the most commonly type of chromosome 

abnormality found to be associated with birth defects, infertility and miscarriage. Nearly one-

third of miscarriages are aneuploid and approximately 10-30% of fertilised human eggs are 

aneuploid. Down’s Syndrome, for instance, is a result of trisomy of chromosome 21. In 

contrast, monosomies are lethal: no monosomies during foetal development are viable and 

therefore lead to spontaneous abortions (reviewed in Hassold and Hunt 2001; 2007).  

In mitosis, faithful segregation of sister chromatids rely on the accurate attachment of the 

microtubules from opposite poles to the sister kinetochores. Defects and/or mis-attachment 

of the microtubules to sister kinetochores lead to mis-segregation of the chromosomes, 

which are hallmarks of aneuploidy (Gregan et al., 2011). A high level of chromosome mis-

segregation is known as chromosome instability (CIN), which is a common feature of cancer. 

Most solid tumours are aneuploid, with a very high level of mis-segregation (reviewed in 

Thompson et al., 2010). The expression of meiosis-specific-genes is restricted to germ cell 

lines and aberrant expression of these genes is found in cancer cells for different genes, 

including the meiotic hotspot activator gene PRDM9, the meiotic regulator gene STRA8 and 

cohesion complex genes SMC1β and RAD21L.  It has been postulated that aberrant meiotic 

gene expression in somatic cells might derive aneuploidies (Simpson et al., 2005; Feichtinger 

et al., 2012a).   
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1.4 Cancer  

Cancer is one of the main health problems and is the leading cause of death after 

cardiovascular diseases in the developed world (Jemal et al., 2011). More than 100 forms of 

cancer are known and are primarily classified according to the original tissue (Stratton et al., 

2009). Based on the statistics of GLOBOCAN in 2008, approximately 7.6 million deaths from 

cancer and 12.7 million cancer cases occurred worldwide. The annual number of deaths 

caused by cancer is projected to increase to more than 11 million by 2030.  

Several factors are associated with the appearance and development of cancer, including 

exogenous and endogenous factors. Most (90-95%) cancers are attributed to exogenous 

factors, such as the environment and lifestyle. The lifestyle factors include exposure to UV 

radiation and chemical carcinogens, smoking, obesity, diet, alcohol consumption and 

infectious organisms (Anand et al., 2008). A recent study found that gene mutations 

detected in lung cancers were 10-fold higher in smokers than in non-smokers (Govindan et 

al. 2012). In contrast, only 5-10% of cancer cases are associated with genetically inherited 

defects (Anand et al., 2008). 

Cancers can be defined as a complex of genetic diseases, leading to uncontrolled cell 

division, decreased cell death, invasion and destruction of adjacent tissues and spread 

(metastasis) to other organs of the body. Tumours are initiated in a multistep process 

resulting from the genetic mutation of DNA sequencing and/or epigenetic alteration (Michor 

et al., 2005; Stratton et al., 2009; Tomasetti et al., 2013).  

1.4.1  Tumourigenesis development and hallmarks of cancer 

Normal cells transform into a carcinogenic condition in a multistep process, where epigenetic 

and genetic alterations are accumulate. Carcinogenesis exhibits complex phenotypic features 

that are easy to distinguish from those of normal tissues. One of the most dangerous 

transformations of cancer is metastasis. In this process, cancer cells from a primary tumour 

become detached and initiate a local invasion of stromal tissue. The cells then spread via the 

blood and lymphatic vessels (intravasation) to translocate and survive within the 

bloodstream. Cancer cells then escape from bloodstream to penetrate the parenchyma 

(extravasation), where they then form small nodules term micrometastases (Figure. 1.10). 
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The growth and proliferation of micrometastases in a suitable tumour microenvironment 

creates “colonies” where the cells divide to initiate the new tumours (reviewed in  Bacac and 

Stamenkovic, 2008; Chaffer and Weinberg, 2011; Hanahan and Weinberg, 2011). 

Hanahan and Weinberg (2011) have proposed several features of cancer cells that 

differentiate them from normal cells, and they term these hallmarks of cancer. They 

proposed that cancer cells have the ability to achieve immortality through replication, 

evasion of growth suppressors, resistance to apoptosis, enhancement of proliferative 

signalling, sustained angiogenesis, and the ability for tissue invasion and metastasis (Figure 

1.11). In addition, these cells can evade immune destruction and can reprogram energy 

metabolism including genomic instability and mutation, as well as promote inflammation 

(Hanahan and Weinberg, 2001; 2011). 

1.5 The role of oncogene and tumour suppressor genes in 

tumorigenesis  

In normal cells, the process of cell growth and differentiation are highly regulated and tightly 

controlled. Otherwise, loss of cell proliferation is one of the cancer cell hallmarks. Mutations 

in three classes of genes have been identified to be involved in tumourigenesis: (1) tumour-

suppresser genes; (2) oncogenes; and (3) genomic stability genes including genes involved in 

DNA damage and repair, chromosomal segregation and recombination (reviewed in  

Vogelstein and Kinzler, 2004; Negrini et al., 2010; Hanahan and Weinberg, 2011).  

1.5.1 Tumour suppressor genes  

Tumour suppressor genes (TSGs), or anti-oncogenes, are genes that encode the proteins 

required to inhibit cell growth or induce cell death. Several types of tumour suppressors have 

been identified through their characteristics in different types of cancers, such as p53 (TP53), 

which is considered the guardian of the genome, and RB (retinoblastoma-associated) genes. 

These genes lose or inactivate their function via genetic mutation, DNA methylation and loss 

of heterozygosity (LOH) (reviewed in Thoma et al., 2011). One of the essential hypotheses of 

tumour suppressor function loss is the “Two-hit hypothesis” (Knudson 1971), which suggests 

that two alleles have to lose their function in order to cause cancer (Figure 1.12). One 



Chapter 1.0  Introduction 

25 
 

mutation is inherited via the germinal cells and the other through somatic cells. For example, 

the mutation of the RB1 gene is presented in various types of cancer, such as lung, breast 

and eye. The RB protein acts as a checkpoint in the cell cycle, controlling entry of the cell into 

the S-phase. This protein mainly binds to the transcription factors family E2F. A mutation can 

affect the binding of transcriptional factors (E2F1-E2F2) with the protein dimerise (DP) 

complex in the RB pathway (reviewed in  Chen et al., 2009; Thoma et al., 2011).  

In addition, the guardian of the genome, TP53, tumour suppressor protein is important for 

regulating the cell cycle checkpoint, and for activating the senescence and apoptosis 

programmes. Loss or mutation of the p53 gene has been found in about half of human 

cancers. It is involved in metastatic processes such as cell migration and invasion (Muller et 

al., 2011).   

1.5.2 Oncogenes 

The term “oncogene” refers to a group of genes capable of causing cancer by stimulating cell 

proliferation. Proto-oncogenes are normal cellular genes that encode protein enhanced cell 

growth by stimulating cell division, preventing cell differentiation and impairing cell death. 

Mutations, chromosomal translocations and over-expression can lead to these genes 

becoming oncogenes. However, on their own, they do not have the ability to cause cancer 

but instead act in collaboration with other oncogenes or with the loss of cellular tumour 

suppressor genes. Oncogenes encode specific cellular proteins that have important roles in 

apoptosis, chromatin remodelling, signal transduction, transcriptional factor induction, 

growth regulation, growth factor receptor responses or hormone receptor responses 

(reviewed in Croce, 2008). For instance, RAS subfamilies are a large group of small GTP-

binding proteins that are involved in cell signalling, growth regulation and survival. They are 

able to activate and inhibit the growth factor signalling via tyrosine kinase receptor 

pathways. A single mutation in the RAS oncogenes (KRAS, HRAS and NRAS) occurs in 30% of 

human cancers (Croce, 2008; Pylayeva-Gupta et al., 2011).  

In addition, viral oncogenes (V-onc) can initiate and promote the development of several 

types of cancer resulting from persistent virus infection. Viral oncogenes can mutate pro-

oncogenes by inserting their promoters into the host’s chromosomal DNA (e.g., in the 
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enhancer or promoter), which then leads to activation of the transcription factor genes. 

Over-expression of these genes commonly alters expression of tumour suppressor genes 

(reviewed in Ranzani et al., 2013). For example, mutations of the sarcoma or src oncogenes 

are driven by retroviral Rous Sarcoma Virus RSV (reviewed in Vogt, 2012). 

1.5.3 Genome stability genes 

Genome stability genes (caretaker genes) are a group of genes involved in repairing of 

mistakes in the DNA initiated either during DNA replication or after induction by exposure to 

mutagens (reviewed in Vogelstein and Kinzler 2004; Negrini et al., 2010). In addition, this 

group of genes is associated with meiotic recombination and chromosomal segregation, and 

includes genes such as ataxia telangiectasia protein (ATM), breast cancer susceptibility 1 

(BRCA1 and BRCA2), and Nijmegen breakage syndrome 1 (NBS1) which are mutated in 

various types of cancer including breast cancer, leukaemias, lymphomas and ovarian cancer 

(reviewed in  Negrini et al., 2010).   

 This group of genes keeps the rate of genetic alterations to a minimum level; consequently, 

abnormality of expression of these genes is found to increase the rate of alteration of other 

genes (reviewed in Vogelstein and Kinzler 2004; Negrini et al., 2010).   
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Figure 1.10. Steps of metastasis. Starting with primary tumour, breaks in the basement membrane in 

epithelial tissues results in loss adherens junctions. Cells then travel via the bloodstream to penetrate the 

parenchyma to form a cancer microenvironment (Adapted from Bacac and Stamenkovic, 2008).  
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Figure 1.11. A model of cancer hallmarks proposed by Hanahan and Weinberg. They suggested 
that cancer cells have the ability to achieve immortality of replication, evasion of growth suppressors, 
resistance to apoptosis, promotion of proliferative signaling, sustained angiogenesis, the ability for 
tissue invasion and metastasis. In addition, the cells can evade immune destruction and reprogram 
energy metabolism including genomic instability and mutation, and promote inflammation. (Adapted 
and modified from Hanahan and Weinberg, 2011). 
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Figure 1.12. A model of the two-hit hypothesis proposed by Knudson for involvement of tumour 
suppressor genes in tumourigenesis. (a) A normal cell has two copies of TSG, so to develop cancer, two 
individual “hits” of mutation are required. (b) The normal cell has already one “hit” in TSG resulting in a 
germline mutation, so only one hit is required to initiate cancer. (Adapted from expert reviews in 
molecular medicine website 2001; http://www-ermm.cbcu.cam.ac.uk).    
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1.6 Classification of Tumour-associated Antigens (TAAs) 

Alterations in gene expression and sequence, such as mutation of proto-oncogenes, tumour 

suppressor genes and instability genes, and epigenetic changes can all lead to the abnormal 

production of proteins. These proteins are known as tumour-associated antigens (TAAs). 

TAAs have the ability to induce the immune system by production of a single epitope 

(peptide) recognised by the immune system. To be useful for cancer immunotherapy, TAAs 

must be: (A) restricted to the tumour but not expressed in healthy cells; (B) be present stably 

and homogenously in most detected tumours; (C) targeted by cytotoxic T lymphocytes 

(Krishnadas et al., 2013). The identification and characterisation of TAAs has become a large 

area of research in cancer immunotherapy. Human TAAs can be classified into different types 

according to their expression patterns:  

1. Viral antigens:  Several types of tumours are caused by virus infections that promote 

cells to produce viral proteins that can be recognised by the immune system. For 

example, human papillomavirus (HPV) antigen is associated with development of cervical 

cancer and the Epstein-Barr virus (EBV) antigen is expressed with Hodgkin’s and Burkitt’s 

lymphoma (Vogt, 2012). 

2. Differentiation antigens: These antigens have been identified as being expressed in 

malignant and normal cells of similar lineages. For example, tyrosine, MART1/MelanA 

and gp100 glycoprotein are expressed normally in melanocytes, but are also found in 

melanoma cancer. This protein can be a target for the immune system, which can 

eradicate the tumour (Barrio et al., 2012; Kozłowska et al., 2013). 

3. Overexpressed antigens: Compared to normal tissues, several genes are identified as 

being either down-regulated or up-regulated in cancer tissues. Peptides derived from 

over-expressed proteins are found to be associated with T cell responses. The low level 

of expression in normal cells should not stimulate the immune system to recognise these 

proteins. For example, overexpressed antigens, such as transmembrane mucin MUC1, is 

associated with many carcinomas (Singh et al., 2006; Kaur et al., 2014). 

4. Cancer testis antigens (CTAs): This group of genes encode proteins with expression 

restricted to human germ lines and malignant tumours. Because of their unique 
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expression pattern, CTAs are becoming useful targets for cancer vaccines, biomarkers 

and immunotherapy (Krishnadas et al., 2013; Whitehurst, 2014). 

1.7 Modalities cancer treatment  

Cancer is diagnosed and treated in the late stages when the cancer cells invade the body and 

turn into metastatic cells. Treatment can usually include surgery, chemotherapy, 

radiotherapy or a combination of these treatments (Suri, 2006; Aly, 2012). These treatments 

offer some advantages to the patients and may be associated with negative side effects as 

well as failure to completely target all cancer cells. Surgery is the best method only for solid 

tumours (Aly, 2012). Unfortunately, use of radiotherapy can cause many side effects 

including anorexia, fatigue, nausea, changes in taste and increased risk of microbial infection 

as well as skin irritation. Furthermore, long-term radiotherapy can lead to loss of memory, 

endocrine dysfunction, incontinence and gait dysfunction (Eichler and Plotkin, 2008; Aly 

2012).  

Chemotherapy treatment can also cause many side effects such as anorexia, emesis, fatigue, 

nausea, loss of hair, nosebleeds, diarrhoea, stomach ache and swelling, as well as loss or gain 

of weight (Carelle et al., 2002). Since cancer cells multiply more rapidly than normal cells, 

they are more susceptible to chemotherapy drugs than normal cells. However, 

chemotherapy does not specifically target cancer cells but instead targets all dividing cells, 

including normal cells that are multiplying at some point. In addition, chemotherapy 

resistance can arise from different mechanisms including constant mutation of cancer cells, 

which leads to failure of patient treatment (Rivera and Gomez, 2010).   

The immune system of cancer patients normally fails to fight the rapid growth of tumours 

and therefore development of new immunotherapeutic strategies for early identification, 

diagnosis and treatment of cancer is a fundamental goal of cancer immunotherapies. Cancer 

immunotherapy has an edge over other conventional treatments because it provokes the 

immune system of the patient to fight cancer cells. In addition, it has fewer side effects and 

specifically targets (e.g., TAAs) (Aly, 2012; Pardoll, 2003).   

The immune system is able to recognise and distinguish between self and non-self antigens. 

In fact, the main goal of immune therapy is to enhance the patient’s immune system to 
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attack and destroy cancer cells with the help of their T-cell, B-cell and natural killer cells 

(Pardoll, 2003; Mellman et al., 2011; Aly, 2012; Harris and Drake, 2013). Based on this 

concept, one important aim is to identify cancer specific biomarkers/targets for clinical and 

immunotherapy approaches. The CTA genes represent an excellent immunological target for 

clinical approaches such as adaptive cell therapy (see Section 1.9). 

1.8 Cancer testis antigens 

The CTA genes are a large family of genes that encode proteins normally found in normal 

male germ cells, the placenta and trophoblasts, but not in normal somatic cells (reviewed in 

Whitehurst, 2014). These genes are expressed in various tumour types at high frequency in 

ovarian cancer, bladder cancer, lung cancer and melanomas, whereas they are expressed at 

low levels in colorectal cancer, renal cancer and lymphoma/leukaemia (reviewed in Simpson 

et al., 2005; Fratta et al., 2011). The testes are an immunologically privileged site because of 

the tight junctions occurring between adjacent Sertoli cells that form the blood–testis 

barrier (BTB). This barrier prevents autoimmune reactions by diffusing the large molecules 

that carry in blood into the lumen of the seminiferous tubule (Mirandola et al., 2011). In 

addition to the BTB, testicular germ cells also lack the major histocompatibility complex 

MHC class I antigens, implying that their unique expression pattern could make them good 

targets for cancer therapy (Caballero and Chen, 2009). 

1.8.1 Identification of CT antigens 

In the early 1960s, the first alpha-fetoprotein was described as a serum marker for germ cell 

and hepatoma cancers (Abelev et al., 1963). Subsequently, a serum marker for epithelial and 

colon cancer (carcinoembryonic antigens, CEA) was discovered (Gold and Freedman, 1965). 

However, in 1991, van der Bruggen and his colleagues discovered the first CTA, melanoma 

antigen-1 (MAGE-A1), using T-cell epitope cloning (van der Bruggen et al., 1991). Based on 

this technique, several CTA genes were identified, including MAGE-A2, MAGE-A3, BAGE and 

GAGE-1 (Gaugler et al., 1994; Boël et al., 1995; De Backer et al., 1999). Later, in 1995, the 

SEREX (serological expression cloning) technique was developed by Pfreundschuh and his 

colleagues to determine tumour antigens. This method was based on the immunological 
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screening of tumour cDNA expression libraries using antibodies from cancer patients, 

instead of using T-cells (Sahin et al., 1997). Since then, several CT antigens have been 

identified using the SEREX technique, such as the immunogenic tumour antigens, New York 

oesophageal squamous cell carcinoma 1 (NY-ESO-1) protein (Chen et al., 1997), synovial 

sarcoma/X breakpoint (SSX) family (Tureci et al., 1998a) and meiosis-specific-protein 

synaptonemal complex protein 1 (SCP1)(Tureci et al., 1998b). The term ‘cancer testis 

antigen’ was coined by Chen and his colleagues, who described the similarity of these genes 

(Chen et al., 1997). To date, at least 255 CTA proteins have been classed as CTAs and 

organised into 138 gene families (http://www.cta.lncc.br/index.php), although not all of 

these meet the strictest  CTA classification as some of these were found to be represent with 

very low level in normal tissues (see Section 1.8.3). 

1.8.2 Classification of CT antigens 

The CTA genes are normally expressed in the male germ cells but not in normal somatic 

cells. Expression of some CTA genes has been identified in some immunologically 

privileged areas such as central nervous system (CNS); genes in this class are termed cancer 

testis/CNS genes. However, CTA genes have been sub-classified according to their 

expression in normal and cancer tissues into: 

(i) Testis and/or CNS restricted: Gene expression in this group is restricted only to the 

testis or testis and some of central nervous tissues as well as cancer tissues. 

(ii) Testis and/or CNS selective: Gene expression in this group is found in the testis 

and/or CNS as well as in at least one or two normal tissues, as well as cancer tissues 

(Feichtinger et al., 2012a). 

In addition, CTA genes are divided into the genes encoded on the X chromosome and are 

termed X-CT genes, while non X-CT genes are located on autosomes (Simpson et al., 2005). 

Approximately 10% of genes on chromosome X are reported as CT genes and are make up 

more than half of the discovered CTA genes. The X-CT genes predominantly constitute a 

multigene group organised along the X chromosome in well-defined clusters (Figure 1.13). 

For instance, the GAGE, PAGE and XAGE super-families and all members of the SSX family are 

located on the Xp11 region. The Xq 24 –Xq 28 region is proposed to have the highest density 

http://www.cta.lncc.br/index.php
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of CTA genes and contains the MAGE-A, MAGE-C and NY-ESO-1 multigene families (Simpson 

et al., 2005; Caballero and Chen, 2009). Three or more X-CTA genes are also expressed in 

40% of breast cancers and 65% of melanomas (Sahin et al., 1998). However, X-chromosome 

in mammalian spermatogenesis is reported to transcriptionally silence during the meiotic 

zygotene to pachytene transition in a unique mechanism called meiotic sex chromosome 

inactivation (MSCI), which is based upon DSBs formation in unsynapsed chromatin 

(Turner,2007). This inactivation mechanism proposed that the vast majority of CTA genes are 

silenced during meiosis, as most of CTA genes are X-encoded and therefore might have non-

meiotic roles in the testis (Feichtinger et al., 2012a). 

Non X-CTA genes are distributed around the genome and they exist predominantly as single-

copy genes. This group of genes is generally expressed in the late stages of germ cell 

differentiation (Simpson et al., 2005). For example, the synaptonemal complex genes SCP1 

(Tureci et al., 1998b), HORMD1 (Chen et al., 2005a) and meiosis-specific endonuclease 

SPO11 (Koslowski et al., 2002) are identified non X-CTA genes.  

A recent study based on bioinformatics analysis followed by validation of novel CTA genes 

described a new class of clinical CT genes called meiosis-specific CT antigen genes (meiCT) 

(Feichtinger et al., 2012a; Sammut et al., 2014). This study went one step further by 

incorporating meta-analyses of cancer gene expression data sets in different types of 

tumours in order to identify a highly specific cancer biomarker. Most of these genes are 

autosomally encoded and some serve to drive meiotic dynamics, including the meiotic 

regulator gene STRA8, meiotic hotspot regulator gene PRDM9, and cohesion subunits 

regulator genes SMC1β and RAD21L (Feichtinger et al., 2012a). 

1.8.3 Expression of CTA antigens 

In addition to the expression in testis, certain CTA genes are expressed in some non- germ 

line tissues such as the placenta; this includes the MAGE family, XAGE2 and XAGE3 genes 

(Silva et al., 2007). Quantitative RT-PCR analysis reveals that the expression of CTA genes in 

non-testis tissues is less than < 1% of their expression in testis. However, the expression of 

CTA genes has been evaluated in different types of cancers. It appears to be associated with 

high expression in ovarian cancer, lung cancer and melanoma. Also, it showed low levels of 
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expression in colon cancer, renal cancer, pancreatic cancer, lymphomas and leukaemia 

(Hofmann et al., 2008). Furthermore, epithelial cancers, including breast, bladder and 

prostate cancer, show moderate expression of CTA genes. Several studies have revealed that 

CTA genes tend to be co-expressed in the same positive tumours and that CTA genes are 

often expressed at high levels in the later clinical stages, depending on tumour grade (Table 

1.2) (reviewed in Caballero and Chen, 2009). For instance, in bladder cancer, NY-ESO-1 is 

often down regulated, with no expression in grade 1 tumours, but expression in 23% and 

40 % of grade 2 and 3 tumours, respectively (Kurashige et al., 2001). On the other hand, CTA 

genes have been investigated at the protein level in different normal and cancer tissues. For 

example, NY-ESO-1, MAGE-A, and SCP-1 proteins have been evaluated in cancer tissues and 

antibodies against these genes were produced (reviewed in Caballero and Chen, 2009).  

Recently, a large-scale study has demonstrate a new sub-class of testis-specific and placenta-

specific (TS/PS) genes that have applications in prognostics and patient stratification. These 

genes were found to be epigenetically silenced in normal tissues and associated with lung 

cancers delineated patients with aggressive, metastasis prone tumours with poor prognosis 

(Rousseaux et al., 2013a).   

Moreover, it has been demonstrated that germline genes in Drosophila melanogaster are 

required for the oncogenic process and that the human orthologues of these Drosophila 

genes have up-regulated expression in a range of human cancers, although the functional 

implications for oncogenesis of this up-regulation remains unclear (Feichtinger et al., 2014 

b). 
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1.8.4 Functional roles of CT antigens 

The biological functions of CTA in both germ cells and tumour development are poorly 

understood, but some evidence indicates that CTA have a critical role in human 

tumourigenesis (Fratta et al., 2011). Indeed, it has also been proposed CTAs would be 

involved in drug resistance (Whitehurst et al., 2007). CTAs can also be classified according to 

their known functions:  

1. Transcriptional regulation: CTAs serve as transcriptional regulators of genes such as 

MAGE-A1 (van der Bruggen et al., 1991), SSX2 (de Bruijn et al., 2002), BORIS 

(Loukinov et al., 2002) and BRDT (Scanlan et al., 2000).  

2. Control of cellular signalling: such as MAGEA1, SGY1, LIP1 (reviewed in Ghafouri-Fard 

and Modarressi, 2009). 

3. Meiotic recombination: such as cohesion subunits SMC1β and RAD21L; the meiotic 

regulator STRA8 and meiotic hot spot regulator PRDM9 (Feichtinger et al., 2012a), as 

well as SPO11 (Koslowski et al., 2002) and SCP-1 (Tureci et al., 1998b).  

4. Involvement in spermatozoa components: such as TSGA10 (reviewed in Modarressi 

et al., 2004; Yuan et al., 2013). 

5. Helicase-like feature: such as HAGE, CAGE ( reviewed in Modarressi and Ghafouri-

Fard, 2011) 

6. Evasion of apoptosis: such as CAGE (Modarressi and Ghafouri-Fard, 2011). 

7. Enzymatic actions: such as TPTE, LDHC, TSP50 and ADAM2 (reviewed in Modarressi 

and Ghafouri-Fard, 2011). 

8. Cell to cell binding: such as SPA17, TPX1, ADAM2 (reviewed in Modarressi and 

Ghafouri-Fard, 2011). 
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Figure 1.13. Distribution of CTA genes on the X- Chromosome. X-CT antigens are organised 

in multigene families (Caballero  and Chen, 2009). 
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Table 1.2. Association between CTA protein expression and clinicopathologic features and 

prognosis (reviewed in Caballero and Chen, 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tumour Type  Antigen  Association  

Melanoma  MAGE-A1, MAGE-A2, 

 MAGE-A3, MAGE-A4  

Tumour thickness and metastasis  

Lung cancer  MAGE-A4, MAGE-A10, 

MAGE-C1 

High grade tumours, pathologic stage and nodal 

as well as pleural invasion  

Pancreatic 

cancer  

MAGE-A3 Poor survival  

Hepatocellular  MAGE-C1  Reduced overall survival  

Melanoma  NY-ESO-1  Thicker primary lesions and a higher frequency 

of metastatic disease  
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1.8.5 Epigenetic involvement in CTA regulation  

The term “epigenetic” refers to inheritable alteration in gene expression without changes in 

the DNA nucleotide sequencing. Epigenetics is an important process for regulation of gene 

expression and normal mammalian cell development. Epimutations can lead to increased 

genomic instability by silencing of tumour suppressor genes and/or activation of 

oncogenes—either independently or in association with genetic mutations or deletion. 

However, the biological mechanism that leads to the abnormality of epigenetics remains 

poorly understood (Sharma et al., 2010). Several CTA genes are usually found to co-express 

in positive tumours, which suggests that their activation in cancer is due to a global gene 

activation mechanism rather than stochastic individual events (De Smet and Loriot, 2013). 

The involvement of two major epigenetics processes has been described in CTA gene 

regulation: methylation of cytosine bases in DNA and post-translational histone 

modifications (Fratta et al., 2011).  

1.8.5.1 DNA methylation 

DNA methylation is a major modification of genomic DNA; it leads to the silencing of gene 

expression and plays an essential role in the association of histone modification in 

mammalian gene regulation. It involves the covalent addition of a methyl group on the 5’ 

position of cytosine bases in CpG dinucleotides, catalysed by DNA methyltransferases 

(DNMTs) (reviewed in Ballestar, 2011). CpG islands, which include about 76% of human gene 

promoters, are located at the 5’ end of the genes and commonly remain unmethylated 

during cell development and differentiation (Davuluri et al., 2001; Ramírez et al., 2004). 

Hypomethylation and/or hypermethylation of CpG island promoter regions are associated 

with initiation and progression of cancer (reviewed in Ballestar, 2011).  

Most of the studied CTA genes are methylated in normal somatic cells but are activated by 

hypomethylation (demethylation) during spermatogenesis (Fratta et al., 2011). The first 

evidence to reveal that CTAs can be activated by DNA hypomethylation was presented by 

Weber et al.,(1994) who found that treatment of melanoma cells lines with DNA 

methyltransferase inhibitors (DNMTis) such as 5-aza-2′-deoxycytidine (5-AZA-CdR) activated 

the expression of the MAGE-A1 gene (Weber et al., 1994). The 5-aza-2′-deoxycytidine agent 
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entraps the DNA methyltransferase (DNMT) enzyme in a covalent complex with the DNA, 

which leads to a progressive loss of DNA methylation during cell division (Zendman et al., 

2003a). Several CTA genes are activated by promoter DNA hypomethylation, including NY-

ESO-1, XAGE1 (Lim et al., 2005), LAGE1 and MAGE-A2, MAGE-A3 and MAGE-A4 (De Smet et 

al., 1999; Sigalotti et al., 2008). However, some CTA genes that lack CpG dinucleotides are 

activated with DNMT inhibitors, whereas several CTA genes are not activated in the presence 

of CpG dinucleotides. For example, the SPANX gene is activated by 5-aza-2′-deoxycytidine 

treatment even though this gene does not have a canonical CpG island in its promoter 

(Zendman et al., 2003b; Menendez et al., 2007).   

The CCCTC-binding factor (CTCF) is a highly conserved, ubiquitous zinc finger factor that plays 

various roles in gene regulation including gene activation, methylation sensitivity and X 

chromosome inactivation (Ohlsson et al., 2001). A study by Loukinov et al. (2002) was 

identified as a paralogous gene of CTCF, known as the brother of regulator of imprinted sites 

(BORIS/CTCFL). BORIS affects various aspects of the epigenetic regulation program during the 

development of germ cells (Loukinov et al., 2002). BORIS was identified as being expressed 

only in the testis and in several types of cancers and can promote the expression of several 

CTA genes, whereas CTCF is normally expressed in somatic cells (Hong et al., 2005; Vatolin et 

al., 2005). The binding site of BORIS protein was identified in several MAGE-A genes 

expressed in head and neck cancers (Smith et al., 2009). Overexpression of BORIS in normal 

primary fibroblasts cells by 5-aza-2′-deoxycytidine demethylation treatment leads to 

activation of 12 CTA genes. Down-regulation of BORIS using RNA interference prior to 5-aza-

2′-deoxycytidine treatment reduces the ability of MAGE-A1 expression (Vatolin et al., 2005). 

However, some evidence suggests that presentation of BORIS protein at the promoter of 

some CTA genes may involve the recruitment of the histone methyltransferase SET1A as part 

of the transcriptional complex, but the process remains poorly understood and needs further 

investigation (Nguyen et al., 2008; Fratta et al., 2011).    

1.8.5.2 Histone modifications  

Histone proteins, which comprise the nucleosome core, include a globular C-terminal domain 

and a flexible N-terminal tail. Several post translational modifications are associated with the 
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N-terminal tail, such as ubiquitination, acetylation, methylation and phosphorylation. These 

modifications play essential roles in cellular proliferation, including DNA repair, replication 

and transcription. Histone modifications are usually controlled by enzymes that balance the 

action of covalent modification by adding and removing acetyl and methyl groups. For 

example, histone acetylransferases (HATs) add acetyl groups, and histone methyltransferases 

(HMTs) add methyl groups to the N-terminal. In contrast, histone deacetylases (HDACs) and 

histone demethylases (HDMs) play opposite roles. Different cancer types overexpress 

HDACs, resulting in a loss of histone acetylation (reviewed in Fratta et al., 2011). For 

example, treatment of cancer cells with histone deacetylase inhibitors (HDACI) such as 

trichostatin A has minor effects on expression of the CTA genes, MAGE-A1, MAGE-A2, MAGE-

A3 and MAGE-A12, whereas using this treatment in combination with 5-aza-CdR upregulates 

the transcription of these genes (Wischnewski et al., 2006).   

1.9 Clinical application of CT antigen genes 

As previously discussed, the testes are an immunologically-privileged site because of the 

blood–testis barrier (BTB) and because testicular germ cells lack the major histocompatibility 

complex MHC class I antigens, which prevents the immune system from recognising and 

attacking the CTA proteins as a “nonself” proteins. For these reasons, CTA genes can be 

promising targets for cancer diagnostic and immunotherapy treatment (reviewed in 

Ghafouri-Fard and Modarressi, 2009; Fratta et al., 2011; Modarressi and GhafouriFard, 

2011). Two major strategies of immunotherapy in cancer are used: (1) passive 

immunotherapy, which includes adaptive cell therapy or using monoclonal antibodies (2) 

active immunotherapy, which relies on the use of vaccines. 

1.9.1 Adoptive cell therapy   

Adoptive immunotherapy is based on the isolation of the lymphocyte T-cells from a patient 

and culturing and enriching these cells in vitro to express the specific tumour antigens, 

followed by re-infusion into the patient again (Restifo et al., 2012). One interesting example 

was provided by Hunder et al., (2008) who treated a patient with melanoma metastasis using 

autologous CD4+ T cells against the CTA NY-ESO-1. They isolated and expanded CD4+ T cells 



Chapter 1.0  Introduction 

42 
 

from the patient in vitro against NY-ESO-1 and infused the cells back into the patient. Two 

months later, after the infusion of the cells into the patient, no nodal and pulmonary 

tumours occurred and after two years, the patient remained free of cancer (Hunder et al., 

2008).   

1.9.2 Monoclonal antibodies 

Monoclonal antibodies are now used for cancer treatment. Several commercial monoclonal 

antibodies are produced to target cancer cells; one example is Cetuximab, which used for 

colorectal cancer treatment (Van Cutsem et al., 2009). They are specific for targeting tumour 

association antigens (TAAs), and they have shown some therapeutic efficacy. For example, 

antibodies conjugated either chemotherapeutic drugs or radioactive isotopes are used for 

treatment of haematological malignancies and have shown some promising results. In 

contrast, non-leukaemic cancers are commonly treated with unconjugated antibodies that 

normally target the growth factor receptor, such as human epidermal growth factor receptor 

1 and 2 (ERBB1 and ERBB2), which are expressed in 10-40% of breast cancers and other 

carcinomas (Weiner et al., 2010).  

1.9.3 Active immunotherapy 

Several studies have found humoral immune responses to CTAs in different types of 

tumours. For example, different antibodies were produced against SCP-1, NY-ESO-1, SSX-2 

and CTSP-1 in breast cancer. Antibodies against MAGE-A3, SSX2 and NY-ESO-1 in multiple 

myelomas have been developed. In addition, cancer vaccine trials have been carried out in 

melanoma patients using MAGE-A3 or NY-ESO-1 and have reported a regression in the 

tumour nodules. For NY-ESO-1, 34 trials have been performed, including NY-ESO-1 peptide, 

protein and pox-NY-ESO-1. One of the most encouraging vaccines to positively affect cancer 

is NY-ESO-1 protein/ISCOMATRIX®. Clearly, CTAs could be a potential target for reducing the 

risk of melanomas, as well as being useful for immunosystem adaptation (reviewed in 

Caballero and Chen, 2009). 

http://www.nature.com/nri/journal/v10/n5/glossary/nri2744.html#df4
http://www.nature.com/nri/journal/v10/n5/glossary/nri2744.html#df4
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1.10 Project aims 

The main aim of this project was to identify new potential CT gene targets/biomarkers by 

manually searching the literature for meiosis-specific genes or by searching the large 

bioinformatics pipelines developed by the Mcfarlane group (Feichtinger et al., 2012a).  

The overarching goals of this project are:  

1. Identify novel potential CTA genes through validation these genes in RNAs isolated 

from normal human tissues and cancerous cell types using RT-PCR analysis. 

2. Identify the effect of epigenetic inhibitors on the expression of the CTA genes using 

RT-PCR analysis. 

3. Function analysis of novel CTA PRDM9 in human cancer cell lines. 

4. Study the histone methyltransferase activity of PRDM7 and PRDM9.  
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Chapter 2.0 Materials and Methods  

2.1  Human cancer cell line sources 

The embryonal carcinoma NTERA-2 (clone D1) cell line was kindly provided by Prof. P.W. 

Andrews (University of Sheffield). The ovarian cancer cell line A2780 was a generous gift 

from Prof. P. Workman (Cancer Research UK Centre for Cancer Therapeutics, Surrey, UK). 

The 1321N1, COLO800, COLO857, G-361, HCT116, HT29, LoVo, MCF7, MM127, SW480 and 

T84 cell lines were obtained from the European Collection of Cell Cultures (ECACC). The two 

ovarian adenocarcinoma cell lines PEO14 and TO14 were purchased from Cancer Research 

Technology Ltd. The H460 and MDA-MB-453 lines were obtained from the American Type 

Culture Collection (ATCC). The stably transfected cell line HeLa Tet-On® 3G with pCMV-Tet3G 

was purchased from Clontech. Cancer cell lines are tested for authenticity once per annum 

by LGC StandardsTM (authentication tracking number 710236782). 

2.2 Cell culture growth maintenance  

Cancer cell lines were cultured in media supplemented with foetal bovine serum (FBS) 

(Invitrogen; GIBCO 10270). HeLa Tet-On® 3G cells were grown in Tet System Approved (FBS) 

medium (Clontech; 631106) in the presence of 100 μg/ml Geneticin G418 (Invitrogen; GIBCO 

10131035). All cancer cell lines were maintained in humidified incubators at 37°C in a 5% CO2 

atmosphere ; 10% CO2 for the NTERA-2 (clone D1) cells. Cancer cells were regularly tested for 

mycoplasma infection using a LookOut® Mycoplasma PCR Detection kit (Sigma Aldrich; 

MP0035) according to the manufacturer’s protocol. All media and cell line growth conditions 

are listed in Table 2.1. 

 

 

 

 

 

 

http://www.clontech.com/GB/Products/Inducible_Systems/Tetracycline-Inducible_Expression/ibeCCtpSctDspRte.jsp?section=15291&sitex=10030:22372:US
http://www.clontech.com/GB/Products/Inducible_Systems/Tetracycline-Inducible_Expression/ibeCCtpSctDspRte.jsp?section=15291&sitex=10030:22372:US
http://www.lifetechnologies.com/order/catalog/product/10131035
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Table 2.1. Description and growth conditions for the human cancer cell lines used in this 
study 

Cell Line Description Media CO2 

G-361 
 
 
HCT116 
 
HT29 

Human Caucasian malignant 
melanoma 
 
Human colon carcinoma 
 
Human Caucasian colon 
adenocarcinoma 

McCoy’s 5A medium + GLUTAMAXTM 
(Invitrogen, GIBCO 36600) supplemented with 
10% FBS 

5% 
 

MCF7 Human Caucasian breast 
adenocarcinoma 

DMEM + GLATAMAXTM + supplemented with 
10% FBS and 1xNEAA (non-essential amino 
acids) 

5% 
 

NTERA-2 
(clone D1) 
 

Human Caucasian 
pluripotent embryonal 
carcinoma 

Dulbecco’s modified Eagle’s medium (DMEM) 
+ GLUTAMAXTM (Invitrogen, GIBCO 61965) 
supplemented with 10% FBS 
 
 
 

10% 
 
 
 

1321N1 
 
SW480 
 
 
A2780 

Human brain astrocytoma 
 
Human colon 
adenocarcinoma 
 
Human ovarian carcinoma 

 
5% 
 

HeLa Tet-On® 
3G 
 

Stably transfected Human 
cervical cancer with pCMV-
Tet3G vector 

Dulbecco’s modified Eagle’s medium (DMEM) 
+ GLUTAMAXTM (Invitrogen, GIBCO 61965) + 
10% Tet System Approved FBS 

COLO800 
COLO857 
H460 

Human melanoma 
Human melanoma 
Large cell lung carcinoma 

Roswell Park Memorial Institute 1640 medium 
(RPMI 1640) + GLUTAMAXTM (Invitrogen, 
GIBCO 61870) supplemented with 10% FBS 

 

PEO14 
 
TO14 

Ovarian Adenocarcinoma, 
peritoneal ascites 
Ovarian Adenocarcinoma, 
solid metastasis 

RPMI 1640 + GLUTAMAXTM + supplemented 
with 10% FBS and 2 mM sodium pyruvate 

5% 
 

MM127 
 

Human malignant 
melanoma 

RPMI 1640 + GLUTAMAXTM supplemented 
with 10% FBS and 25 mM HEPES 

5% 
 

T84 Human colon carcinoma Ham's F12 + DMEM (1:1) + GLUTAMAXTM 
(Invitrogen, GIBCO 31331) + 10% FBS 

5% 

MDA-MB-453 Human breast carcinoma Leibovitz’s (L-15) medium + GLUTAMAXTM 
(Invitrogen, GIBCO 31415) + 10% FB 

0% 

http://www.clontech.com/GB/Products/Inducible_Systems/Tetracycline-Inducible_Expression/ibeCCtpSctDspRte.jsp?section=15291&sitex=10030:22372:US


Chapter 2.0  Methods & Materials 

46 
 

2.3 Preparation of cancer cell line stocks   

Confluent cells were washed twice with 1x PBS and then trypsinised with 1x trypsin – EDTA 

(Invitrogen, GIBCO 1370163). The cells were counted using either a haemocytometer slide or 

an automated cell counter (Bio-Rad) and then centrifuged at 100 x g for 5 minutes. Cell 

pellets were resuspended in a freezing medium (1:9 DMSO: FBS) and transferred into a 

labelled cryotube. For short term storage, the cells placed at -80°C for 24 hours. For long-

term storage, cells were stored in liquid nitrogen. 

2.4 Thawing of stored cancer cell lines 

The cell vials were rapidly thawed in a 37°C water bath with gentle agitation. The cell 

suspension was immediately diluted into 5 ml of prewarmed medium and mixed gently. 

After centrifugation at 100 x g for 5 minutes, the medium was aspirated and the cells 

resuspended in 10 ml growth medium. The cells were split into two T25 flasks and grown for 

24 hours at 37°C in a humidified incubator with the required CO2 concentration.  

2.5 RNA extraction  

Total RNA was isolated using Trizol reagent (Invitrogen; 15596-026). Confluent cells were 

homogenised in Trizol (1 ml Trizol/5 x 106 cells) and held at room temperature (RT) for 5 

minutes. Chloroform (200 µl per 1 ml of Trizol) was added to each sample and the 

homogenate was vigorously shaken for 15 seconds, followed by incubation for 5 minutes at 

RT. Samples were then centrifuged at 12,000 x g for 15 minutes at 4°C. The aqueous layer 

was then removed to a new Eppendorf tube and 500 µl of isopropanol was added. After 

incubation at RT for 10 minutes, the samples were centrifuged again at 12,000 x g for 20 

minutes. The supernatant was removed and the pellet was washed with 70% ethanol and re-

centrifuged at 7,500 x g for 5 minutes at 4°C. The supernatant was discarded again and the 

cell pellet was left to dry at RT for 5-10 minutes, and then 100 µl RNase free water containing 

2 µl DNase I (Sigma; D5319) was added to each RNA preparation sample. The samples were 

incubated at 37°C for 10 minutes and then at 75°C for 10 minutes. RNA concentration was 

measured with a NanoDrop (ND_1000) spectrophotometer. 
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2.6 cDNA synthesis (Reverse Transcriptase)  

Total RNA was prepared from the cancer cell lines generated in our lab and listed in Table 

2.1. RNA from normal human tissues was supplied by Clontech (Catalogue number; 636643).  

In addition, panels of RNA from cancer cell lines and tumours were purchased from both 

Clontech and Ambion. RNA was used to synthesise cDNA using a SuperScript III First Strand 

Synthesis Kit (Invitrogen; 18080-051). Samples (1-2 µg) of total RNA were used according to 

the manufacturer’s protocol. Oligo-dT primer was used to transcribe RNA into single-strand 

cDNA which binds to the poly-A tail of mRNAs. The cDNA was diluted eight time and PCR 

using β- Actin primers was used as endogenous control for the cDNA. 

2.7  Polymerase chain reaction (PCR) 

Gene sequences were obtained from the National Center for Biotechnology Information 

(NCBI; http://www.ncbi.nlm.nih.gov). Primers were designed to span more than one intron 

where possible. Two methods of primer design were used: a manual method for picking 

primers or by using Primer 3 software (available at http://primer3.ut.ee/). 

For PCR amplification, 2 µl of diluted cDNA was supplemented with 25 µl of BioMixTM Red 

(Bioline; BIO-25006) and 1 µl each of the forward and reverse primer, and the final volume 

was adjusted with ddH2O to 50 µl. 

RT-PCR for samples was initiated with a pre-cycling melting step at 96°C for 5 minutes, 

followed by 40 cycles of denaturing at 96°C for 30 seconds. For all of the primer settings, an 

annealing step was carried out between 58-62°C for 30 seconds. The extension temperature 

was 72°C for 30 seconds and the final extension temperature was 72°C for 5 minutes.  

As positive controls, RT-PCR of β-Actin and previously known CT antigen genes GAGE1, 

MAGEC1 and SSX2 were evaluated in all normal and cancer cDNA samples and run on 1% 

agarose gels stained with ethidium bromide. 

2.8 Demethylation and/or histone deacetylase analysis using RT-PCR  

(Adapted from Mossman et al. 2010) 

Colorectal cancer cell lines HCT116 and SW480 were treated with 5’-aza-2’ deoxycytidine (a 

demethylating agent; Sigma, A3656) and/or Trichostatin A (a histone deacetylase inhibitor; 

http://www.ncbi.nlm.nih.gov/
http://primer3.ut.ee/
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Sigma, T1952). Demethylation was induced by treating cells with different concentrations 

(0.1, 0.5, 1.0, 5.0, 10.0 and 15.0 µM) of 5’-aza-2’ deoxycytidine for 48 or 72 hours. 

Deacetylase assays were performed by treatment with 150, 300 or 600 nM TSA for 24 hours. 

The experiments were also carried out using 0.1, 0.5, 1.0, 5.0, 10.0 and 15.0 µM 5’-aza-2’ 

deoxycytidine and 300 nM TSA for 48 hours. The media were replaced every 24 hours with 

fresh media containing 5’-aza-2’ deoxycytidine and/or TSA. Cells were treated with 10 µl 

DMSO (Sigma; D8418) to control for effects of DMSO on gene expression since DMSO was 

used as the solvent for the treatment chemicals. Total RNA was extracted from untreated 

and treated cells as described in Section 2.5. RT-PCR was performed to investigate the effect 

of treatment with 5’-aza-2’ deoxycytidine and/or Trichostatin A on gene expression. Primers 

and genes used in this experiment are listed in Tables 2.2, 2.3 and 2.4. Only genes that 

showed no expression in both the HCT116 and the SW480 cell lines were used in this 

experiment. 

2.8.1 DNA methylation and histone deacetylase analysis using RT-PCR  

(Adapted from Mossman et al. 2010)  

HCT116 and SW480 cell lines were treated with 300 nM TSA for 24 hours. The HCT116 cells 

were also treated with 1 µM 5’-aza-2’ deoxycytidine for 48 or 72 hours, as well as with a 

combination of 1 µM 5’-aza-2’ deoxycytidine and 300 nM TSA for 48 hours. Total RNA was 

extracted as described in Section 2.5. The remaining cells were washed twice with 1x PBS 

and allowed to grow under normal conditions with no drugs. RNA was extracted from these 

cells after 3, 6 and 9 days. The cells media were changed at least every two days, and cDNA 

was synthesised for RT-PCR.  

2.9 DNA purification methods 

2.9.1 Direct RT-PCR product purification 

PCR reactions (50 µl) were directly purified using the High Pure PCR Product Purification Kit 

(Roche Applied Science; 11732676001), according to the manufacturer’s protocol. 
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2.9.2 Purification of DNA from agarose gel   

PCR products were run in 1% of agarose gels stained with ethidium bromide in 1XTBE or TAE 

buffer. Specific fragments were excised from the gel using a sterile scalpel. The purification 

process was carried out as per the manufacturer’s instructions included with the PCR 

purification Kit (Roche) or Geneclean (MP; 111102400). 

2.9.3 DNA sequencing 

DNA was sequenced by the Eurofins MWG Company (Germany). For DNA purified from PCR 

reaction, the amount sent (together with corresponding forward and/or reverse primers) 

was: 

5 ng/µl of (300-1000 bp)  

10 ng/µl (>1000 bp)  

For plasmid DNA, this amount was 50-100 ng/µl (up to >3000 bp) 

The gene sequencing results were blasted and aligned against corresponding genes using the 

Basic Local Alignment Search Tool (BLAST) website http://blast.ncbi.nlm.nih.gov/Blast.cgi 

and EMBL European Bioinformatics Institute Website http://www.ebi.ac.uk/. 

 

Table 2.2. Primer sequencing of positive control and previously known CT antigens and 
their expected sizes (bp)  

Gene Chr Primer Primer Sequence 
Annealing 

Temp 
°C 

Product 
Size (bp) 

β-Actin* 7 F 5'-TGCTATCCCTGTACGCCTCT-3' 58 675 

R 5'-CGTCATACTCCTGCTTGCTG-3' 

GAGE1* X F 5'- TAGACCAAGGCGCTATGTAC -3' 58.4 245 

R 5'-CATCAGGACCATCTTCACAC-3' 

MAGEC1* X F 5'-CCTGTGAGCTCCTCTTTCTC-3' 60.5 650 

R 5'-GACTATGGAGAGGAGACTGGA-3' 

SSX2* X F 5'-CAGAGATCCAAAAGGCC -3' 58.4 407 

R 5'- CTCGTGAATCTTCTCAGAGG-3' 
 * This genes and primers were used in methylation experiment 

 

 

 

 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ebi.ac.uk/
http://www.ebi.ac.uk/
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Table 2.3. Primer sequencing of identified CT genes and their expected sizes (bp)  

Gene Chr Primer Primer Sequence 
Annealing 

Temp 
°C 

Product 
Size (bp) 

ALX1 12 F 5'-CGAATGTCTCCCGTGAAAGG-3' 60.5 622 

R 5'-CTGCGATACTGGAAGACCTC-3' 

APOBEC4 1 F 5'-CATGCTAGCAGTTGCACTGG-3' 60.5 667 

R 5'-GCATTGGTGGTAAGTCCCTG-3' 

ARRDC5 19 F 5'-CAACAAGGCAGACTACGTGC-3' 60.5 628 

R 5'-GCGAGTGTGCATGATCTCAC-3' 

C4orf17 4 F 5'-CCTCATCCCAGAAGAGTCTG-3' 60.5 628 

R 5'-CTGCTGCTGGTTCCATTGAG-3' 

C9orf11 9 F 5'-CCAAATGGCACTGAGTCTGA -3' 58.4 652 

R 5'-CCGACTCATCGTTTTCATGC-3' 

C9orf12 9 F 5'-GGTCTGTCGATACTGCATGC-3' 60.5 597 

R 5'-CTCTCCTCGGGAAACTCTTC-3' 

C9orf43 9 F 5'-CAGCACTGCGATATCCTGAA-3' 58.4 546 

R 5'-CATCCTCATCATCAGTGTCC-3' 

C9orf128 9 F 5'-CATCAGGAGCCTTCCATCTC-3' 60.5 731 

R 5'-CGTCTCTTGAGCCAGAACTC-3' 

C12orf12 12 F 5'-CAGCGTACAATAGACCGCAC-3' 60.5 748 

R 5'-CACACCTCCTGGTCATACTC-3' 

C16orf92* 16 F 5'-TCACAGAGTTTGCTTGGGTC-3' 58.4 279 

R 5'-GGAAGTTTATGTGGGTGCAG-3' 

DDX4* 5 F 5'-GTGCTACTCCTGGAAGACTG-3' 60.5 756 

R 5'-CCAACCATGCAGGAACATCC-3' 

IQCF3* 3 F 5'-GCAGTAGAAAGACAGAGGCG-3' 60.5 356 

R 5'-CCATCAGTCTGGAAGGCAAG-3' 

KDM4D 11 F 5'-GCATACAGAGGACATGGACC-3' 60.5 733 

R 5'-GGATGATGGAGTTGAGCTGG-3' 

MAGE-B5 X F 5'-CCTCCACTGAGAGTTCATGC-3' 60.5 655 

R 5'-CTTGGGCTCTCTTCCTCATC-3' 

NT5C1B* 2 F 5'-CGGCAGGAAAATCTACGAGC-3' 60.5 647 

R 5'-CTGTAACCAGGTAGGTCCTG-3' 

ODF4* 17 F 5'-GACAAGATGGGAGACTGCTG-3' 60.5 602 

R 5'-GGTGTCTGTGATCGTCTGTG-3' 

PRDM1** 6 F 5'-CAGTGCCTTCTCCTTTACCG-3' 60.5 768 

R 5'-ATGTCATCCTCCACGTCCTC-3' 

PRDM4** 12 F 5'-GGGGACAGGTCATGTAGATG-3' 60.5 714 

R 5'-TGTCCCTGGGTAGGAAGATG-3' 

PRDM6** 5 F 5'-GCACCTGGATTGGACCTTTC-3' 60.5 384 

R 5'-CTTGTCTGCACATGGCTTCC-3' 
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PRDM7* 16 F1 5'-CTTCATTGACAGCTGTGCTG-3' 58.4 278 

R 5'-ACTCATAGCAGTTTCTCCCC-3' 

PRDM7** 16 F2 5'-GATGGCCTTCAGAGGAGAAC -3' 58.4 755 

R 5'-GACCAGACCAGCAGTTCACA -3' 

PRDM7** 16 F6 5'-CTTCATTGACAGCTGTGCTG-3' 60.5 607 

R 5'-AGTTCCTGGCCATACTCATC -3' 

PRDM9** 5 F1 5'-GCAGCCAACAATGGATACTC -3' 60.5 734 

R 5'-CCACACTCTCCATACTTGAC -3' 

PRDM9** 5 F4 5'-CAGGCTCAGAAACCAGTGTC-3' 60 655 

R 5'-GTTCCTGGCCGTATTCATCC-3' 

PRDM11 11 F 5'-AAAGCTTCCAGCAAGTGGAC -3' 60.5 680 

R 5'-TACATCCCCCTCATCAAAGC -3' 

PRSS54* 16 F 5'-CTCACACAGAGTATCCAGTC-3' 58.4 646 

R 5'-GTGATGGTCCTTCTTTGTCC-3' 

SEPT12* 16 F 5'-CTGCAGCTGCATTCACTGAC-3' 60.5 608 

R 5'-CGGATAAGCAGGTCTCTCAG-3' 

TDRD12* 19 F 5'-GAGCTAAAGTGCTGGTGCAG-3' 60.5 641 

R 5'-CTGAGGTCACCGACAATACC-3' 

TMEM202* 15 F 5'-CCAAGTGCCTCGATGTCATG-3' 60.5 629 

R 5'-GATACTGTAGTCACCGGACC-3' 

TNRC18 7 F 5'-CTCTTCTTCCTCCACCACAG-3' 60.5 725 

R 5'-CATGCGAGGACTGGTATAGC-3' 

TSSK1B 5 F 5'-CGAAGCTCGCAAGAAGTTCC-3' 60.5 651 

R 5'-GGTTTTGTCTCAGGCTGTGC-3' 

WDR20 14 F 5'-GCCACAGCAGAAAGTGTCTC-3' 60.5 601-735 

R 5'-CTACAACACTGACCCAGGAC-3' 
*These genes and primers were used in methylation experiments           
 ** These genes and primers were used in overexpression system Tet-on 3G experiment  
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Table 2.4. RT-PCR primers of validated genes from HCT116 and SW480 cells treated with 5’-
aza- 2’ deoxycytidine and TSA, singly or in combination 

Gene Chr Primer Primer Sequence Annealing 
Temp 
°C 

Product 
Size (bp) 

C17orf98‡ 17 F 5'-ATGGCGTACCTGAGCGAGT-3' 58  394 

R 5'-GGTAGCCAAACCTTCCATTG-3' 

C20orf201‡ 20 F 5'-ATCTGCTCTTCGGCGACCTG-3' 62.5 505 

R 5'-ACACTCTCAGTCGCCGTCAC-3' 

SMC1β‡ 22 F 5'-TCAAGAAATCGAGGCCCACC-3' 58  368 

R 5'-CTGGGGCCACACAGTTATAG-3' 

STRA8‡ 7 F 5'-TGGCAGGTTCTGAATAAGGC-3' 58.4 723 

R 5'-GAAGCTTGCCACATCAAAGG-3' 

SYCP1‡ 1 F 5'- GGTCAGCAGAAAGCAAGCAAC -3' 61 645 

R 5'-GGCAGATGTCCACAGATAGTC-3' 

 ‡ Genes were evaluated as CT antigen genes (Feichtinger et al. 2012) 

2.10   Real time quantitative qRT-PCR  

Total RNA was prepared from cell cultures at the confluent stage using an RNeasy Plus Mini 

kit (Qiagen; 74134) according to the manufacturer’s protocols. The concentration and quality 

of the RNA was measured using a NanoDrop (ND_1000) spectrophotometer. A QuantiTect 

Reverse Transcription Kit (Qiagen; 205310) was used to synthesise cDNA from 1 µg of total 

RNA according to the manufacturer’s protocol; the resulting cDNA then was diluted 10-fold. 

The qRT-PCR primers were commercial primers ordered from Qiagen or personally designed 

using Primer 3 software. These were used to perform SYBR® Green-based quantitative real 

time qRT-PCR. The quantitative real time PCR results for target genes were normalised 

against results obtained for reference genes (Tables 2.5 and 2.6 ). 

The Go Taq qPCR Master Mix (Promega; A6001) was used to set up the quantitative RT-PCR 

reaction, following the manufacturer’s protocol. Each well of a Hard-Shell® 96 well plate 

(BioRad; 9655) contained 1.5 μl cDNA in a final reaction volume of 25 μl, and triplicate 

repeats were carried out for each reaction. 

The target sequences were amplified with a pre-cycling hold at 95°C for 3 minutes, then 

followed by 40 cycles of 95°C for 10 seconds. All primers underwent an annealing 

temperature at 60°C for 30 seconds, followed by 95°C for 10 seconds. A quantitative Bio-Rad 
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CFX machine was used to perform the qPCR experiment and the data were analysed with 

Bio-Rad CFX Manager Software (version 2). 

 

Table 2.5. Commercial quantitative real time PCR primers used in this study and their 
sources 

Tested Gene Assay Name Source 

β-Actin Hs_ACTB_1_SG Qiagen; QT00095431 
GAPDH Hs_GAPDH_2_SG Qiagen; QT0192646 
LAMIN A Hs_LMNA_1_SG Qiagen; QT00083349 
PRDM9 Hs_PRDM9_1_SG Qiagen; QT01023631 

 

Table 2.6. Personally designed quantitative real time PCR primers used in this study and 
their details and sources 

Gene Chr Primer Primer Sequence Annealing 
Temp 
°C 

Product 
Size (bp) 

PRDM9 
5 
 

F1 5'-GCCTTAAGAGTGGAACAGCG-3' 

60 
 

140 
R1 5'-GACACTGGTTTCTGAGCCTG-3' 

F2 5'-GACACAGAGAGAACAGAGCG-3' 
87 

R2 5'-CTCTGCCCATTCTTCCTTGG-3' 

PRDM7 16 
F 5'-CTGCTATGAGTATGTGGATGGA-3' 

60.5 118 
R 5'-GATCTGCCTGTGGTACTGGA-3' 

2.11   Western blotting protocol 

2.11.1  Whole protein extractions (WPEs) from cancer cell lines and 

quantification  

Protein was extracted for western blot assays by washing confluent cell cultures twice with 

cold 1x PBS. Cell pellets were then treated with RIPA buffer (Sigma; R0278) containing one 

complete mini, EDTA-free, protease inhibitor cocktail tablet per 10 ml (Roche; 11836170001) 

and mixed by pipetting. The solution was then mixed by vortexing, and incubated on ice for 

30 minutes with gentle vortexing every 10 minutes. After centrifugation at high speed for 20 

minutes at 4˚C, a Pierce ® BCA Protein Assay Kit (Thermo Scientific; 23227) was used to 

assess the protein concentration in the supernatant according to the manufacturer’s 

protocol.  
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2.11.2 SDS page and western blotting 

Approximately 30 μg of protein lysates were mixed with 3.7 µL of NuPAGE® LDS Sample 

buffer (4x) (Invitrogen; NP0007) and 1.5 µL NuPAGE® Sample Reducing Agent (10x) 

(Invitrogen; NP0004) and the samples were then boiled at 95˚C for 5-10 minutes. 

Protein samples were run on a pre-cast NuPAGE® 4-12% Bis-Tris gel (Invitrogen; NP0322) 

alongside Precision Plus Protein Dual Color Standards (Bio-Rad; 161-0374). Samples were run 

for 2 hours at 100 Volt in (1x) MOPS running buffer (Invitrogen; NP0001), and then 

transferred to an activated Immobilon-P (PVDF) membrane (Millipore; IPVH00010) at 400 

mA for 2-4 hours using (1x) transfer buffer (380 mM glycine, 50 mM Tris). Membranes were 

incubated for at least one hour in 5% dry skimmed milk in blocking buffer (1x) PBS/Tween 

(0.3%), followed by an overnight incubation with a required concentration of the primary 

antibody at 4˚C (Table 2.7 A). Membranes were washed three times with a blocking buffer 

(1x) PBS/Tween (containing 5% of milk) for 10 minutes, followed by incubation with the 

required concentration of the secondary antibody for one hour at room temperature (Table 

2.7 B). Membranes were washed again three times, 10 minutes each time, with the blocking 

buffer. Enhanced chemiluminescence (ECL; Thermo Scientific; 34087) was used to detect the 

required protein, which visualised using X-Ray films (Thermo Scientific; 34091). 

 

2.11.3 Crude subcellular fractionation 

Subcellular fractionation of proteins was performed by separating, cytoplasmic fractions 

after resuspending cell pellets in lysis buffer C (1% Triton-X-100, 10 mM MgCl2, 1 mM AEBSF, 

Roche complete protease inhibitor cocktail) and an equal volume of hypotonic buffer (50 

mM Tris-HCl pH 7.4, 0.1 M sucrose, 1 mM AEBSF, Roche complete protease inhibitor 

cocktail). The lysed cell fractions were placed on ice for 30 minutes and spun down at 6,000 x 

g for 2 minutes. The supernatants, which contained the cytoplasmic fractions, were collected 

and transferred to fresh tubes. The cell pellets, which included the nuclear fractions, were re-

suspended in lysis buffer N (50 mM Tris-HCl pH 7.4, 100 mM KAc, 1 mM AEBSF, Roche 

complete protease inhibitor cocktail). Both cytoplasmic and nuclear fractions were mixed 
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with an equal volume of Laemmli buffer. Samples were heated at 100°C for 5 minutes with 

briefly vortexed every two minutes; samples were then run on SDS-page gels. 

 

Table 2.7 A. List of primary antibodies and their optimum dilutions  
Antibody Source Application  Dilution 

Monoclonal mouse anti α-Tubulin  Sigma; T6074 WB 1/8000 

Polyclonal rabbit anti-PRDM9 Abcam; Ab85654 WB 1/1000 

Monoclonal mouse anti-Lamin A/C (636) Santa Cruz; sc-7292 WB 1/100 

 

 

Table 2.7 B. List of secondary antibodies and their optimum dilutions  
Antibody Source Application  Dilution 

Donkey anti-rabbit IgG(H+L) 

 

Jackson Immunoresearch; 

711-035-152  

WB 1/40,000 

Donkey anti-mouse IgG(H+L) 

 

Jackson Immunoresearch; 

711-035-150 

WB 1/40,000 

Rabbit anti-goat  Sigma; A5420  WB 1/40,000 
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2.12   Gene knockdown using small interfering RNA (siRNA) 

Cells were seeded into 6-well plates at 1.5 x 105  or 2.0 x 105  cells per well and incubated to 

reach approximately 40% confluent growth. The transfection complex was made by adding 

10 nM siRNA (Qiagen) and 6 µl HiPerfect reagent (Qiagen; 301705) to 100 µl serum free 

medium and incubating for 25 minutes at room temperature (Table 2.8). A negative non-

interference control (Qiagen; 1022076) was used to assess the siRNA knockdown and was 

prepared in the same way. The transfection mixture was added dropwise to each well and 

the plates were shaken gently. After 48 hours, the medium was replaced and a second hit of 

siRNA was applied. The treated and untreated cells were harvested after the first and third 

hits to perform western blot analysis as described in Section 2.11. 

 

Table 2.8. List of siRNA used to knock down the PRDM9 gene. 
Gene  siRNA Name Source  Target sequencing 

PRDM9 

Hs_PRDM9_ 5 

Hs_PRDM9_ 6 

Hs_PRDM9_ 7 

Hs_PRDM9_ 8 

Qiagen; SI04299890  

Qiagen; SI04299890  

Qiagen; SI04299890  

Qiagen; SI04299890 

5'-TTCCCTTATCACTGAAGGCAA -3'  

5'-CACGGGAGACTGTGAAGAGCA -3'  

5'-CCACACAGCCGTAATGACAAA-3'  

5'-GTGGACAAGGTTTCAGTGTTA -3'  

NI (Non- 
Interference 
siRNA 

 

AllStars Negative 

Control siRNA 

 

Qiagen; 1022076 

 

------------------------------------------------- 

2.13   Extreme limiting dilution analysis (ELDA) 

(Adapted from Hu and Smyth, 2009) 

The effect of PRDM9 gene knockdown was examined in parental HCT116 and SW480 cells by 

seeding cells in 96-well plates (Costar; Corning 3474) at concentrations of 1000, 100, 10 and 

1 cell in 100 μl of medium. A further 6 well repeats were used for untreated cells, negative 

control siRNA, Hiperfect treated cells and PRDM9 siRNA treated cells. The transfection 

complex was made by adding 0.1 nM siRNA (Qiagen) containing 0.3 µl HiPerfect reagent 

(Qiagen; 301705) to 4.7 µl serum free medium and incubating for 25 minutes at room 

temperature. A negative control non-interference siRNA (Qiagen; 1022076) was prepared in 
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the same way. The PRDM9 siRNA transfection mixture, negative control siRNA or Hiperfect 

only were added dropwise to the medium (6 well repeats for each condition) alongside the 

untreated cells. The cells were incubated for 10 days in a humidified incubator at 37°C with 

5% CO2. Cells were supplemented with 50 µl serum free medium and the transfection 

mixture re-applied after 2 and 6 days of incubation. 

After 10 days of incubation, the numbers of wells showing positive cells growth were 

counted by light microscopy. The frequency of cell proliferation was determined using the 

ELDA web tool (http://bioinf.wehi.edu.au/software/elda/). 

2.14   Gene cloning 

2.14.1 PCR for amplification of PRDM7 and PRDM9 

The full open reading frame (ORF) sequence of PRDM9 and both the long (l) and short (II) 

isoforms of PRDM7 were obtained from the National Center for Biotechnology information 

(NCBI; http://www.ncbi.nlm.nih.gov). The forward and reverse primers were both designed 

with a BamHI restriction site, and the full length of PRDM7 long isoform (I) clone was 

purchased from (Genscript). Cloning into the cancer cell lines using the Tet-on 3G system was 

facilitated by adding a Kozak sequence (ACC) to the forward primers and a 6X His tag to the 

reverse primers. No Kozak or 6 x His tag sequences were added to the primers for the 

protein expression experiment (Table 2.9. and 2.10). 

The PCR amplification was carried out using 2 µl of diluted testis cDNA (containing ≈150 

ng/μl cDNA), 25 µl of Phusion® High-Fidelity PCR Master Mix with GC Buffer (NEB; M0532s), 

1 µl of each forward and reverse primer, and sufficient ddH2O to make a final volume of 50 

µl. 

The PCR conditions were a pre-cycling melting step at 98°C for 30 seconds, followed by 35 

cycles of denaturing at 98°C for 10 seconds and annealing temperatures between 58-62°C for 

30 seconds. The extension was carried out at 72°C for 30 seconds per 1 kb, followed by a 

final extension step at 72°C for 10 minutes. A 5 µl sample of the PCR reaction was run on a 

1% agarose gel as a check. 

 

 

http://bioinf.wehi.edu.au/software/elda/
http://www.ncbi.nlm.nih.gov/
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Table 2.9. List of primer genes used for cloning into pNEB193 or pGEM 3ZF (+) vectors. 

Gene Primer Primer Sequence 
Annealing 
Temp 
°C 

Product 
Size (bp) 

PRDM9 
F 5'-GGAGGATCCATGAGCCCTGAAAAGTCCC-3' 

62 2685 
R 5'-GGAGGATCCTTACTCATCCTCCCTGGAG-3' 

PRDM7 
(II) 

F 
5'- GGAGGATCCATGTGTCAGAACTTCTTCATTGA- 
3' 58.4 516 

R 5'- GGAGGATCCTCAGAATATTGCCGCTCCTG - 3' 

 
 
 

Table 2.10. List of primer genes used for cloning into pTRE 3G vectors. 

Gene Primer Primer Sequence 
Annealing 
Temp 
°C 

Product 
Size 
(bp) 

PRDM9 

F 5'-GGAGGATCCACCATGAGCCCTGAAAAGTCCC-3' 

62 2685 
R 

5'-
GGAGGATCCTTAGTGGTGGTGGTGGTGGTGCTCAT
CCTCCCTGGAG-3' 

PRDM7 (I) 

F 5'- GGAGGATCCACCATGAGCCCTGAAAGGTC -3' 

60 1479 
R 

5'- 
GGAGGATCCTCAGTGGTGGTGGTGGTGGTGAGAG
TTTGG ACCTTTC -3' 

PRDM7 
(II) 

F 
5'- 
GGAGGATCCACCATGTGTCAGAACTTCTTCATTGA 
- 3' 

58.4  516 

R 
5'- 
GGAGGATCCTCAGTGGTGGTGGTGGTGGTGGAAT
ATTGCCGCTCCTG - 3' 

 
 

2.14.2 Purification and DNA digestion  

PCR reactions were mixed with blue loading dye (6x) (NEB; B7021S), run on 1% agarose gels, 

and then specific bands were extracted. The purification was performed using a Roche kit as 

per the manufacturer’s protocol. The purified PCR product was digested with 1 µl of BamHI 

restriction enzyme (≈20 units; Promega; R6021), with 6 µl of BamHI buffer E, and 4 µl of 

ddH2O in a total volume of 60 µl. Samples were incubated at 37°C for 2 hours, then run on a 

1% agarose gel. The appropriate bands were selected after digestion and purified with a 

Roche kit as per the manufacturer’s protocol. 
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2.14.3 Preparation and plasmid digestion 

All plasmid sources and universal primer details are listed in Table 2.11. A 2.5 µg sample of 

the plasmid was digested with 1 µl of BamHI restriction enzyme supplemented with 10 µl of 

BamHI buffer E, and 86.5 µl of ddH2O in a total volume of 100 µl. The mixture was incubated 

at 37°C for 2 hours, followed by addition of 11 µl Antarctic phosphatase reaction buffer (NEB; 

B0289S) and 1 µl Antarctic phosphatase (NEB; M0289S). The mixture was incubated at 37°C 

for 15 minutes, followed by a heat inactivation step for 5 minutes at 65°C. The reaction was 

run on a 1% agarose gel and purified using the Roche kit. 

2.14.4  Gene ligation and transformation 

The PRDM9 gene was ligated into the pGEM 3Zf (+) plasmid and PRDM7 (II) into pNEB193 

plasmid. A 50 ng sample of digested plasmid was mixed with a 1–9 fold molar excess of the 

insert and made up with sterile water (Sigma; W4502) to 10 µl. A 10 µl volume of 2 x Quick 

ligase reaction buffer and 1 µl of Quick T4 DNA ligase (NEB; M2200S) were added and mixed 

thoroughly. The mixture was briefly centrifuged, incubated at room temperature (25°C) for 5 

minutes and then chilled on ice.  

Samples (5 µl) of recombinant plasmid PRDM9:pGEM 3ZF (+); PRDM7(I):pUC57; and PRDM7 

(II):pNEB193 and 1 µl of control (cut) and uncut vectors were transformed in a 50 µl volume 

of 5-alpha Competent E. coli (NEB; C2987I). Samples were chilled on ice for 30 minutes, 

followed by heat shock at 42°C for 30 seconds, and then chilled on ice again for 5 minutes. A 

950 µl volume of Super Optimal broth with Catabolite repression (SOC) was pipetted into the 

mixture and incubated at 37°C with vigorous shaking (250 rpm) for an hour.  

Samples were plated onto LB agar plates containing 100 mg/ml ampicillin (Sigma; A9518), 20 

mg/ml X-gal (Thermo; R0941) and 40 µl 100 mM IPTG (Thermo; R1171) for blue/white 

selection. Genes cloned into plasmids without the lacZ selection gene were plated onto LB 

agar plates with 100 mg/ml of ampicillin only and the plates were incubated at 37°C 

overnight. The media used for E. coli and bacterial strains are listed in Tables 2.12 and 2.13. 
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Table 2.11. List of plasmids and their universal primers used in this study  

Vector  Name Universal primers  Size 
(bp) 

Source  

pNEB193 M 13 
uni 

5'- AGG GTT TTC CCA GTC ACG ACG TT- 3' 2713 NEB 

M13 rev 5'- GAG CGG ATA ACA ATT TCA CAC AGG- 
3' 

pGEM 
3ZF(+) 

M 13 
uni 

5'- AGG GTT TTC CCA GTC ACG ACG TT- 3' 3197 Promega 

M13 rev 5'- GAG CGG ATA ACA ATT TCA CAC AGG- 
3' 

PUC57 F 5'- GTAAAACGACGGCCAGTG- 3' 2710 Genscrip 

R 5'- GGAAACAGCTATGACCATG- 3' 

pGEX-2T pGex F 5'- ATA GCA TGG CCT TTG CAG G- 3' 4948 GE 
Healthcare pGex R 5'- GAG CTG CAT GTG TCA GAG G- 3' 

pTRE3G F 5'- ATTCCACAACACTTTTGTCT- 3' 3431 Clontech 

R 5'- GGTTCCTTCACAAAGATCCTC- 3' 
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2.14.5 Colony screening 

The PCR reaction was performed using internal primers for PRDM9 and PRDM7 isoforms (I) 

and (II) to confirm that the correct colonies were selected. White colonies were picked up 

into 10 µl of LB liquid medium and 2 µl was used for the PCR reaction. The PCR conditions are 

as described in detail in Section 2.7, and the primer details are listed in Tables 2.3 and 2.4. 

The remaining medium, which contained the positive PCR colonies, was inoculated into 10 

ml of LB liquid medium with 100 mg/ml ampicillin, and incubated at 37°C overnight with 

vigorous shaking at 250 rpm. 

2.14.6 Plasmid extraction from E. coli  

A mini preparation was carried out using 5 ml of E. coli overnight culture containing 100 

mg/ml of ampicillin. Plasmids were isolated from bacterial culture using a QIAprep Spin 

Miniprep Kit (250) (Qiagen, 27106) according to the manufacturer’s protocol. Bacterial cells 

were harvested by centrifugation at 4000 xg for 10 minutes at 4 °C. The pellet was 

resuspended in P1 buffer, transferred to a fresh Eppendorf tube, 250 µl of Buffer P2 was 

added, and then 350 µl of N3 buffer was added. The tubes were gently inverted and then 

centrifuged at 13,000 xg for 10 minutes. The supernatant was transferred to a spin column 

and centrifuged at 13,000 xg for 1 minute. A 750 µl volume of PE washing buffer was added, 

the columns were centrifuged again at 13,000 xg for 1 minute and the supernatant wash was 

discarded. The columns were then centrifuged again to remove residual washing buffer. 

Samples were then eluted from the columns into 50 µl of elution buffer (EB). 

Cell culture transfection plasmids were extracted using a HiSpeed plasmid Midi Kit (Qiagen; 

12643) as per the manufacturer’s instructions.  

A 500 ng sample of each purified plasmid was digested with BamHI enzyme to confirm 

correct cloning, as described in Section 2.14.3. Samples with correctly cloned genes were 

sent for sequencing to confirm the correct orientation and to detect any gene mutations. The 

universal primers and internal primers used for sequencing are listed in Tables 2.3and 2.11. 
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Table 2.12. Medium recipe for E. coli growth 
Media  Amount 

Luria Broth (LB) 

Tryptone 

Yeast extract  

NaCl 

For LB agar plates add: 

Agar 

Water 

 

10 g 

5 g 

10 g 

 

14 g 

up to 1litre  

Minimal Medium M9 salt (1X) 

Na2HPO4 

KH2PO4 

NaCl 

NH4Cl 

Water 

Add the sterile component after medium autoclaving  

100 mM CaCl2  

1 M MgSO4  

Glycerol  

Autoclaved Water  

 

 

6 g  

3 g  

0.5 g  

1 g  

up to 800 ml 

 

 

1 ml 

1 ml 

0.3% final  

up to 1L final 

 

Table 2.13. The E. coli strains used in this study 
Bacteria Source 

 5-alpha Competent E. coli  NEB; C2987I 

BL21 (DE3) Competent E. coli  NEB; C2527I 

SoluBL21 Chemically Competent E. coli Genlantis; C700200 
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2.14.7 Subcloning of PRDM9 and PRDM7 genes into a protein production 

vector pGEX-2T 

The PRDM9 and both PRDM7 isoforms transcript sequences were subcloned into a pGEX-2T 

vector containing a glutathione S-transferase (GST) tag at the upstream for protein function 

analysis. A 1 µg sample of pGEX-2T vector (GE Healthcare; 28-546-53) was digested with 1 µl 

of BamHI restriction enzyme (Promega; R6021) and ligated with the full length of PRDM9 

and/or PRDM7 (Isoforms I or II) in the manner described in Section 2.14.4. Recombinant 

plasmids were transformed into BL21 (DE3) and/or SoluBL21 competent cells and then 

plated on LB agar medium containing 100 mg/ml of ampicillin and incubated overnight at 

37°C. Colony screening and plasmid purification were performed as described in Sections 

2.14.5 and 2.14.6. Samples with correctly cloned genes were sent for sequencing to confirm 

the correct orientation and to check for unwanted mutations. Universal forward F-pGEX, 

reverse R-pGEX and internal primers used for sequencing are listed in Tables 2.3 and 2.11.  

2.14.8 Expression and purification of soluble and insoluble GST protein  

A fresh and healthy single colony was picked from colonies previously transformed PRDM9 

and PRDM7 (both isoform I and II) with pGEX-2T vector and resuspended in 10 ml of LB 

medium containing 100 mg/ml ampicillin. The flasks were then incubated overnight at 37°C 

at a shaking speed of 180-200 rpm. For protein expression, 2 ml of the (BL21) bacterial 

growth medium, after overnight incubation, was transferred into a Falcon tube containing 18 

ml of fresh LB medium containing 100 mg/ml ampicillin and shaken at 37°C and 180-200 

rpm. The optical density (OD) was measured periodically using a spectrophotometer until the 

OD600 had reached 0.6–0.8. Production of recombinant protein was induced by the addition 

of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 100 µM and 

protein synthesis was allowed to progress for 5 hours at 37°C.  

2.14.8.1 Expression and purification of insoluble GST protein using Triton-100X 

Insoluble protein samples were incubated in a range of temperatures from 15°C to 37°C and 

different concentrations of IPTG from 40 to 400 µM to solubilise the protein as much as 

possible. The cell pellets from samples taken before and after induction were collected by 

centrifugation for 20 minutes at 4000 xg at 4°C. The pellets were resuspended in 500 µl ice 
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cold 1X PBS or STE buffer (Sigma; 85810) containing one complete mini EDTA-free protease 

inhibitor cocktail tablet per 10 ml (Roche; 11836170001). The suspension was sonicated on 

ice for 5 minutes (30 seconds on and 30 seconds off) at high level. A 20 µl sample of 

sonicated cell lysate (whole cell lysis) was taken to check the induction of soluble and 

insoluble protein. 1% of Triton-100X was added to the remaining sample and centrifuged at 

12,000x g, 4°C for 30 minutes to precipitate insoluble cell parts. The supernatant (soluble 

fraction) was collected in new Eppendorf tubes. 

The insoluble fraction (pellet) was resuspended in 300 µl of ice cold 1X PBS. Protein solubility 

was checked in 10 µl samples of both soluble and insoluble protein as well as in whole 

bacterial lysate and uninduced samples. Protein samples were mixed with an equal volume 

of 2x Laemmli buffer (Sigma-Aldrich; S3401) and heated at 100°C for 10 minutes with a quick 

vortexing every two minutes; samples were then run on 4-12% SDS-page gels for Coomassie 

blue staining. 

2.14.8.2 Production and purification of insoluble GST protein using sodium 

lauroyl sarcosinate (sarkosyl) 

(Adapted from Park et al. 2011) 

The insoluble fraction GST-fusion protein was purified by resuspending the cell pellet in 300 

µl of ice cold STE buffer containing 2% sarkosyl, 7 mM dithiothreitol (DTT) and 100 μg/ml 

lysozyme. Samples were then incubated on ice for 15 minutes and the suspension was 

sonicated on ice for 5 minutes (30 seconds on and 30 second off) at high level. Samples were 

centrifuged at 18,000 xg for 30 minutes and the supernatants were transferred to new 

Eppendorf tubes. A volume of 2% Triton X-100 was added to the cell lysate and incubated for 

30 minutes on ice. 

2.14.8.3 Expression and purification of insoluble GST protein using formic acid 

(Adapted from Lee et al. 2008) 

The GST-fusion proteins from genes of interest were purified from the other fraction of 

bacterial protein using a Pierce GST spin purification kit (Thermo; 16106) according to the 
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manufacturer’s instructions. The protein yields were enhanced by adding 2% formic acid 

buffer (Sigma; F0507) to increase the amount of protein obtained from the columns.  

2.14.9 Coomassie Brilliant Blue staining  

The SDS-page gels containing induced proteins were immersed in 10 to 15 ml of Coomassie 

Instant Blue (Expedeon; ISB1L) for 1-2 hours with gentle shaking. Gels were washed several 

times with ultrapure water to remove residual stain. The gels were visualised using a Bio-Rad 

image reader.  

2.15   Establishment of a double Tet-On 3G stable cell line. 

2.15.1 Titration of a puromycin selection marker (kill dose curve) 

A HeLa Tet-On 3G cell line was seeded into 6-well plates in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% Tet System Approved FBS (Clontech; 631106) and 

100 μg/ml G418. The cells were incubated in a humidified incubator at 37°C and 5% CO2 until 

the cell density reached the confluent stage. Seven doses of puromycin, from 0.25 to 2 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. 

2.15.2 Generation of a double stable HeLa Tet-On 3G stable cell line 

A double stable HeLa Tet-On 3G cell line with PRDM9 or PRDM7 isoform (I) or (II) was 

created by culturing a HeLa Tet-On 3G cell line in 6-well plates and growing the cells to a 

density nearly at the confluent stage. A 2 µg sample of recombinant vector pTRE3G 

containing PRDM9, or pTRE3G containing either isoform I or II of PRDM7, was then co-

transfected in each well along with 100 ng of a linear puromycin selection marker (20:1 ratio) 

using Xfect transfection reagent (Clontech; PT5003-2) according to the manufacturer’s 

protocols. Control cells were co-transfected with only the pTRE3G vector without any 

cloning. All plasmid cloning steps and purifications are described in Section 2.14. After 48 

hours, cells were split into 4 x 10 cm dishes and grown for a further 48 hours.  Fresh media 

containing 1 μg/ml puromycin and 100 μg/ml G418 were then added to each dish; the 

media, puromycin and G418 were refreshed every 4 days. A large, healthy single colony was 

http://www.clontech.com/GB/Products/Inducible_Systems/Tetracycline-Inducible_Expression/ibeCCtpSctDspRte.jsp?section=15291&sitex=10030:22372:US
http://www.clontech.com/GB/Products/Inducible_Systems/Tetracycline-Inducible_Expression/ibeCCtpSctDspRte.jsp?section=15291&sitex=10030:22372:US
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transferred into a 24-well plate using a cloning cylinder (Sigma; C2059-1EA). The cells were 

cultured and maintained with appropriate concentrations of selective antibiotic until they 

reached the confluent stage. Each well was then split into 3 wells of 6-well plates and 

transferred into T75 flasks. Some cells were frozen in liquid nitrogen and the others were 

used for screening to determine the best fold of gene induction. 

2.15.3 Screening of a double stable HeLa Tet-On 3G stable cell line 

Each colony obtained from Section 2.15.2 was tested in the presence and absence of 

doxycycline (Sigma; D9891-5G) to check the gene induction. For each individual clone to be 

tested, 1/4 of the total amount of cells was seeded into 4 x 10 cm dishes. Doxycycline was 

added to plates at a concentration of 1000 ng/ml; a negative control was grown in the 

absence of doxycycline. Cells were incubated at 37°C in 5% CO2 for 48 hours. The cells were 

harvested and used for RT-PCR and qRT-PCR to compare induced to uninduced expression of 

PRDM9 and PRDM7 (I) and (II). 
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Chapter 3.0 RT-PCR analysis of selected 

potential novel cancer-testis antigen genes 

3.1 Introduction 

Sexual reproduction relies on a special form of cell division to reduce the chromosome 

number by half through the process known as meiosis. During meiosis, diploid cells in the 

testes and ovaries divide to produce four distinct haploid cells (sperm and egg) (reviewed in 

Petronczki et al., 2003; Marston and Amon, 2004). Meiosis is a key source of genetic 

variation and information exchange between paternal and maternal chromosomes for the 

creation of new combinations of alleles in the population (Marston and Amon, 2004; 

Silkworth and Cimini, 2012).  In contrast, mitotic cell division occurs in somatic cells as a part 

of tissue homeostasis and for replacement of dead cells and damaged tissues (Walczak et al., 

2010; Silkworth and Cimini, 2012). Meiosis and mitosis are tightly controlled and regulated; 

however, errors in these two processes may lead to defects in chromosome segregation and 

can cause aneuploidy. Genetic instability is one of the cancer hallmarks and results in 

alterations of tumour suppressor genes, proto-oncogenes and instability genes (Vogelstein 

and Kinzler, 2004; Negrini et al., 2010).  

 

Several meiosis-specific genes are expressed in different types of cancer; these genes include 

SPO11 (Koslowski et al., 2002), SYCP1 (Tureci et al., 1998), SYCP3 (Modarressi et al., 2004) 

and HORMAD1 (Chen et al., 2005a). Each of these genes has a unique function in meiosis, 

involving chromosome alignment and meiotic recombination. Activation of the expression of 

these genes in cancer cells suggests that this may be a consequence of induction of a 

gametogenic programme during tumourigenesis (Old, 2001; Simpson et al., 2005). Thus, the 

presence of meiotic proteins in cancer cells represent an excellent source of potential cancer 

diagnostic, vaccine and immunotherapy tools.  
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Meiosis-specific genes are a class of genes which considered to be a rich source of CTA genes 

(for example see introduction Section 1.8). In this project, two approaches were taken for 

identification of novel cancer testis CTA genes: (i) A manual literature search for meiosis-

specific genes; (ii) a systematic approach using a bioinformatics pipeline. We initially 

hypothesised that meiosis-specific genes might be a rich source of novel CTA genes. Several 

of the known meiosis-specific genes have been identified as excellent candidate for CTA 

genes, which supported our hypothesis. For this reason, we select from the literature a 

group of meiosis-specific genes to initiate screening to test our hypothesis. In the present 

case, only one meiosis-specific gene was manually selected to start this project: the testis-

specific serine/threonine kinase 1 (TSSK1) gene. 

 

Manually searching in the literature for highly restricted CTA genes is not only time 

consuming but it can identify only a limited number of meiosis-specific genes. Thus, a 

bioinformatics pipeline was developed to identify novel CTA candidate genes based on 

previously published data  from microarray and expressed sequence tag (EST) studies 

(Feichtinger et al., 2012a; 2012b; 2014a). In brief, this pipeline took advantage of a 

previously microarray study which identified 744 genes with highly restricted expression to 

meiotic spermatocytes in mice (Chalmel et al., 2007). This group of genes was then mapped 

to the human orthologues, which resulted in the identification of 408 human genes (Figure 

3.1). MitoCheck analysis (http://www.mitocheck.org) was applied to eliminate non-meiosis 

specific genes, yielding a final number of 375 genes. These genes were then checked through 

a previous bioinformatics pipeline using two methods: either microarray analysis from 

ArrayExpress and GEO (developed by Julia Feichtinger http://www.cancerma.org.uk/) or EST 

analysis based on the Unigene database (developed by Julia Feichtinger 

http://www.cancerest.org.uk/) (Feichtinger et al., 2012a; 2012b; 2014a).  

 

The 375 identified human orthologous genes were analysed using the microarray analysis 

tool against an 80 cancer datasets to determine gene up-regulation. Only 40 candidate genes 

were found to be predicted highly restricted CTA genes using this method. Due to the 

http://www.mitocheck.org/
http://www.cancerma.org.uk/
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limitations in identifying new candidate genes via this route a second bioinformatics 

approach was developed using EST data analysis (Feichtinger et al., 2014a).  

 

ESTs are unedited, short sub-sequences (200-500 nucleotides in length), generated by single 

pass sequencing of a 5ˊ and/or 3ˊ complementary DNA (cDNA) sequence that are afterward 

clustered and counted (Adams et al., 1992; Feichtinger et al., 2014a). Several studies have 

used this technique to identified potential CTA genes; for example, Hofmann et al. (2008) 

and Kim et al. (2007). The 375 human orthologous genes were analysed again using the EST 

pipeline (developed by J. Feichtinger), which identified 177 candidate genes. These genes 

were classified according to their expression in the EST pipeline to different sub-classes. Class 

1 contains 75 genes that are testis-restricted; class 2 consists of 9 genes that are 

cancer/testis restricted; class 3 contains 21 genes that are cancer-testis/CNS restricted; and 

class 4 contains 72 genes that are testis/CNS restricted (Feichtinger et al., 2012a; 2014a). 

 

In this study, 2 genes were chosen from 40 candidate genes identified via microarray analysis 

and 21 genes were also selected from 177 candidate genes from EST analysis results. The aim 

of the work reports in this chapter was to validate these genes as potential CT genes/cancer 

biomarkers.  
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Figure 3.1. Schematic flow diagram showing the pipeline for the identification of new potential 
cancer testis (CT) genes using bioinformatics tools. Based on a large scale microarray study, 744 
mouse meiosis-specific genes were selected as a starting point: 408 human orthologues could be 
identified and 375 human meiosis-specific genes remained after filtering to eliminate non-testis 
specific genes. All 375 candidates as well as 3 controls (MAGE-C1, GAGE1 and SSX2) were fed into the 
EST analysis pipeline, which returned 105 candidate genes which were subjected to RT-PCR 
validation/microarray meta-analysis. 
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3.2 Results  

3.2.1 Identification and validation of the putative meiosis-specific TSSK1B 

gene as a potential CT antigen 

Based on manually searching of meiosis-specific genes in the literature, the TSS1KB gene was 

selected for initial screening (Table 3.1). Reverse transcriptase PCR (RT-PCR) was used to 

analyse the TSSK1B gene expression in 21 human normal tissues. A panel of total RNA from 

21 human normal tissues was purchased from Clontech and Ambion, which included the 

positive control testis and other 20 other normal adult tissues. cDNA was synthesised from 

the total RNA preparations and the cDNA quality was assessed by RT-PCR of the β-actin gene. 

RT-PCR primers were designed to span more than one intron, where possible to avoid 

genomic DNA contamination. Previously identified CT antigens genes GAGE1, MAGEC1 and 

SSX2 were used as positive control genes.  

The RT-PCR profile of TSSK1B shows a strong band in the positive control testis and no 

expression was observed in other normal tissues with the exception of a faint band in the 

foetal brain (Figure 3.2). To confirm that the correct target gene was amplified, the two 

bands derived from the testis and foetal brain were sent for DNA sequencing, and the result 

showed identical matching of the gene (see Table 3.4 for a sequencing summary).  

Based on the RT-PCR analysis result for the normal adult tissues, the TSSK1B was classified as 

a testis/CNS restricted candidate gene, although the CNS expression is only in foetal tissue. 

To address whether this gene might be a potential CTA gene, TSSK1B expression was 

analysed in 33 cancer cell lines and solid tumours (Figure 3.3). It was expressed in different 

cancer cell lines and solid tumours including a moderate RT-PCR band in lung (MRC-5) and 

ovarian cancer cells (TO14); or faint expression in prostate cancer cells (PC-3), breast (MCF-7 

and MDA-MB-453) and epidermal carcinoma cells (A-431). Some of the bands produced by 

RT-PCR were purified and DNA sequenced to ensure the correct gene sequence had been 

amplified (see Table 3.4 for the sequencing results).  
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Table 3.1. Gene function roles of the meiosis-specific gene TSSK1B, which was selected for 
initial screening for CT genes. 

Gene Name Known function  Classification after 
validation  

Reference  

TSSK1B Meiotic serine/threonine 
kinase 

Restricted CT/CNS 
antigen gene 

(Li et al., 2011) 

 
 

 

Figure 3.2. RT-PCR analysis of TSSK1B gene in normal human tissues. Agarose gels showing the 
TSSK1B gene expression profile in different normal human tissues. The cDNA was generated from 21 
normal human tissues RNA (collected post mortem). The TSSK1B gene appears to be a testis/CNS 
restricted candidate gene, which is expressed in testis and foetal brain. Gene sequencing of two bands 
appearing in the testis and foetal brain show significant similarity to TSSK1B gene. (A) Expression of the 
β-Actin gene is a positive control for the cDNA samples. (B) The expression profile of GAGE1, MAGEC1 
and SSX2 genes, which were previously identified as CTA genes, evaluated in normal human tissues. (C) 
TSSK1B profile  
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Figure 3.3. RT-PCR expression analysis of the TSSK1B gene in cancer cell lines and solid tumours. 
Agarose gels showing the TSSK1B gene RT-PCR analysis in some cancer cell lines and tissues. cDNA was 
generated from 33 cancer cell lines and solid tumours. The TSSK1B gene appears to be expressed in a 
range of cancer cell lines including lung, breast and ovarian cancer cell lines. (A) Analysis of the β-Actin 
gene is a positive control for the cDNA samples. (B) The expression profile of GAGE1, MAGEC1 and SSX2 
genes, which were previously identified as CT antigen genes, evaluated in cancer cell lines and tissues. (C) 
Analysis of TSSK1B expression in cancer cells. 
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3.2.2 Identification and validation of potential novel CT antigen genes, 

predicted through bioinformatics analysis. 

The literature search of highly restricted CTA genes identified only a limited number of 

genes, only one gene TSSK1β which was analysed here (Table 3.1). The meiosis-specific genes 

searched in the literature appear to be an excellent source of potential CTA genes. However, 

manual curation in the literature of new CTA genes is limited due to the few meiosis-specific-

genes characterised to date, and it is also time-consuming. This study took advantage of the 

bioinformatics approach by using previously published microarray data and EST analysis data 

(Figure 3.1) (Feichtinger et al., 2012a; 2012b; 2014a). 

 

3.2.3 Identification and validation of potential novel CT antigen genes 

predicted through microarray analysis. 

Two genes, ALX1 and WDR20, were selected from 40 candidate genes identified via a 

microarray analysis study developed by J. Feichtinger (www.cancerma.org.uk/). In order to 

assess their meiosis specificity (Table 3.2), the expression of these genes was validated using 

21 normal human tissues RNA subjected to 40 cycles of RT-PCR. cDNA was generated from 

the total RNA preparations obtained from Clontech and Ambion. The cDNA quality was 

assessed using the expression of the β-actin gene. Again, GAGE1, MAGEC1 and SSX2, were 

used as positive control CTA genes and intron-spanning primers were designed for each gene 

to avoid genomic DNA contamination.  

The RT-PCR analysis of the ALX1 and WDR20 genes gave bands in multiple normal human 

tissues (Figure 3.4). ALX1 was expressed in 5 normal tissues as well as in normal testis 

tissues, whereas WDR20 was expressed in all normal tissues. Based on these results, the 

ALX1 and WDR20 genes were dismissed and not validated in cancer tissues. The PCR 

products of these genes were sequenced to ensure the correct gene had been amplified and 

the results of the sequencing are shown in Table 3.4.   

 
 
 
 

http://www.cancerma.org.uk/
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Table 3.2. Gene function roles of predicted meiosis-specific genes through microarray 
analysis.  

Gene 
Name 

Functional known Classification 
after validation  

Referencing  

ALX1 May play a role in cervix development 
and chondrocyte differentiation 

Dismissed (Zhao et al., 1993; 
Cai, 1998) 

WDR20 It is regulate the activity of the USP12-
UAF1 deubiquitinating enzyme 
complex.  

Dismissed (Kee et al., 2010) 

 

Figure 3.4. RT-PCR validation for ALX1 and WDR20 genes in normal human tissues. Agarose gels 
showing the expression profile of predicted candidate genes in 21 normal human tissues. cDNA was 
generated from the total RNA obtained from a range of normal human tissues (collected post mortem). 
The ALX1 gene was expressed in multiple normal tissues whereas the WDR20 gene was expressed in all 
tissues (C). (A) Expression of the β-Actin gene as a positive control for the cDNA samples. (B) The 
expression profile of the GAGE1, MAGEC1 and SSX2 genes, which were previously identified as CT 
antigen genes, evaluated in normal human tissues. 
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3.2.4 Identification and validation of potential novel CT antigen genes 

predicted through an EST pipeline. 

The second bioinformatics approach used to identify novel cancer-testis-antigen genes was 

an EST pipeline (Feichtinger et al., 2012a; 2014a). A selection of 21 genes was made from the 

177 candidate genes predicted to be meiosis-specific genes (www.cancerest.org.uk/). These 

genes were classified according to their expression profile in the EST pipeline into three sub-

classes (Table 3.3). Class 1 contained 13 predicted testis-restricted genes; class 2 consists of 2 

predicted cancer/testis restricted genes; class 3 contained 6 predicted cancer-testis/CNS 

restricted genes (Feichtinger et al., 2014). 

The meiosis specificity was assessed by validating expression of these genes in 21 normal 

human tissues using 40 cycles of RT-PCR. The cDNA was generated from the total RNA 

preparations from normal human tissues obtained from Clontech and Ambion. The cDNA 

quality was assessed using the β-actin gene. Previously identified CTA genes, GAGE1, 

MAGEC1 and SSX2, were used as positive control genes and intron-spanning primers were 

designed for each gene to avoid genomic DNA contamination.  

Based on the RT-PCR profile from the normal somatic tissues, these genes where classified 

into different groups: (i) dismissed genes, if the expression appeared in more than two 

normal human tissues (non-testis); these genes were not analysed further in the cancer cell 

lines and tissues; (ii) testis-restricted genes that showed restricted expression to the testis 

and no expression in normal somatic (non-testis) tissues; (iii) testis/CNS-restricted genes that 

showed expression in the testis and central nervous system (CNS) only; (iv) testis-selective 

genes, which were expressed in the testis and in no more than two normal somatic tissues. 

(v) testis/CNS selective genes, which were expressed in the testis, CNS and no more than two 

normal human tissues. Further analyses of these genes were carried out (with the exception 

of the dismissed group) in 33 cancer cell lines and tissues. 

 

 
 
 
 
 

http://www.cancerest.org.uk/


Chapter 3.0  Results 

77 
 

Table 3.3.  Functional roles of predicted novel CTA genes in an EST analysis pipeline. 

Gene 
Name 

Known function Referencing  

 Class 1: Testis-restricted  

C4orf17 Protein function uncharacterised, unknown function.  

C9orf11 Cell membrane protein and Involve in acrosome 
formation in murine testis. 

(Li et al., 2006) 
 

C9orf43 Protein function uncharacterised, unknown function.  

C12orf12 Protein function uncharacterised, unknown function.  

C16orf92 Protein function uncharacterised, unknown function.  

DDX4 May play a role in sperm motility and in germ cell 
development. 

(Castrillon et al., 
2000) 

IQCF3 Protein function uncharacterised, unknown function.  

MAGE-B5 Protein function uncharacterised, unknown function but it 
was found to express in testis and a range of tumours. 

(Lucas et al., 2000) 

NT5C1B Plays a role in producing the adenosine important in 
biochemical processes in the body. 

(Wade et al., 
2013) 

PRDM7 Probably involved in transcriptional regulation and it 
might participate in cell differentiation and 
tumourigenesis. 

(Fumasoni et al., 
2007) 

TDRD12 Plays a role in RNA biogenesis by interaction with Piwi 
protein in mice. 

(Pandey et al., 
2013) 

TMEM202 Protein function uncharacterised, unknown function.  

TNRC18 trinucleotide repeat containing 18.  

 Class 2: Cancer/testis-restricted  

ARRDC5 Protein function uncharacterised, unknown function.  

ODF4 Also known OPPO1 and it may be involved in the sperm 
tail structure. 

(Kitamura et al., 
2003) 

         Class 3: Cancer/testis-CNS restricted  

APOBEC4 May play a role in RNA/DNA editing cytidine deaminase to 
uridine. 

(Rogozin et al., 
2005) 

C9orf12 Also known IPPK; Inositol-pentakisphosphate 2-kinase and 
it may play a role to protect cells from TNF-alpha-induced 
apoptosis. 

(Verbsky et al., 
2002) 

C9orf128 Protein function uncharacterised, unknown function.  

KDM4D Also known as JMJD2D, lysine (K)-specific demethylase 4D 
and plays a role in the histone core. It interacts with the 
tumour suppressor Rb, histone deacetylases (HDACs) and 
has diverse genomic functions. 

(Gray et al., 2005) 

PRSS54 Protein function uncharacterised, unknown function.  

SEPT12 Involved in formation of the sperm head and tail in the 
spermatogenesis process. 

(Kuo et al., 2013) 
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3.2.5 RT-PCR analysis of predicted CT genes in normal human tissues 

The RT-PCR profiles of 5 out of 21 genes showed expression in multiple normal human 

tissues: these were APOBEC4, C9orf12, C9orf43, KDM4D and TNRC18. C9orf12, C9orf43 and 

TNRC18 were expressed in all normal tissues including the testis, whereas APOBEC4 and 

KDM4D were expressed in 12 normal tissues (Figure 3.5). The RT-PCR products of these 

genes were purified and sequenced to confirm that the correct DNA sequence was amplified 

(summary of sequencing in Table 3.4). Based on these results, these genes were dismissed 

and the expression was not analysed in cancer cell lines and tissues. Three of the dismissed 

genes (APOBEC4, C9orf12 and KDM4D) were classified as class 3 genes (cancer-testis/CNS 

restricted) after the EST pipeline analysis. In contrast, C9orf43 and TNRC18 were classified as 

class 1 (testis-restricted). The RT-PCR validations identified twelve genes that were 

apparently testis restricted. No expression was determined in other somatic (non-testis) 

tissues, confirming the classification as testis-restricted genes. These genes were ARRDC5, 

C4orf17, C16orf92, DDX4, IQCF3, NT5C1B, TMEM202, C12orf12, MAGE-B5, ODF4, PRDM7 

and TDRD12 (Figure 3.6 A and 3.6 B). Only MAGE-B5 is located on chromosome X; the other 

genes have an autosomal location. DNA sequencing of the testis bands of these genes 

confirmed the correct sequence of the gene being amplified (Table 3.4 for sequencing 

summary).  

 

C16orf92 showed a faint band in the testis with an expected size of 279 bp. Two bands with 

unexpected size (about 350 bp) appeared in the skeletal muscle and bone marrow; these 

were sequenced and showed no relation with the C16orf92 gene indicating they are the 

product of mispriming. The ODF4 gene was previously reported to be a CTA gene, with no 

expression in normal tissues and high expression in leukaemia and prostate cancer 

(Ghafouri-Fard et al., 2012; Ghafouri-Fard and Modarressi, 2012). The RT-PCR expression of 

the ODF4 gene shows several unexpected bands appearing higher and lower than the 

expected size (602 bp). DNA sequencing of the RT-PCR product of these bands 

(approximately 800 bp in brain cerebellum and less than 400 bp in other tissues) did not 
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show any significant relationship to the ODF4 indicating they are the products of cross 

reactivity (summary of sequencing, Table 3.4). 

ODF4 and ARRDC5 were classified as class 2 (cancer/testis-restricted) based on the original 

EST pipeline data, whereas the C4orf17, C16orf92, DDX4, IQCF3, NT5C1B, TMEM202, 

C12orf12, MAGE-B5, PRDM7 and TDRD12 genes were sub-classified after the EST analysis as 

a class 1 (testis-restricted). Most of these genes are predicted to encode proteins with 

uncharacterised functions and they might be novel potential CTA genes. To address whether 

these genes might be potential CTA genes, expression of these genes was analysed in 33 

cancer cell lines and solid tumours. 

 

The RT-PCR expression profile of the SEPT12 gene indicated expression in the normal testis 

tissue with an expected size of 608 bp (Figure 3.7). Two faint bands appeared in both the 

brain cerebellum and the foetal brain. DNA sequencing of the PCR products of these bands 

and the normal testis tissue showed high similarity to the SEPT12 gene (for sequencing 

results, see Table 3.4). Based on this result, SEPT12 was classified as testis/CNS restricted, 

which fit with the EST pipeline classification of this gene as a class 3 cancer-testis/CNS 

restricted gene. To address whether this gene might be a potential CTA gene, SEPT12 

expression was analysed in 33 cancer cell lines and solid tumours.     

 

C9orf128 was originally classified as a cancer/testis-CNS restricted gene based on the 

expression profile obtained from the EST pipeline. However, the RT-PCR profile of C9orf128 

shows a faint band in the prostate and trachea in addition to a strong band in the normal 

testis with the expected size of 731 bp (Figure 3.8). Therefore, C9orf128 was classified 

according to the RT-PCR profile analysis as testis-selective. The PCR products of the testis, 

prostate and trachea were sequenced and these results showed significant identity to this 

gene. At this stage, C9orf128 was not dismissed but its expression was analysed in the 33 

cancer cell lines and tissues (see summary of sequencing, Table 3.4).     

Based on the original EST pipeline result, C9orf11 was classified as testis-restricted while 

PRSS54 was cancer/testis-CNS restricted. The RT-PCR validations of C9orf11 and PRSS54 
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genes shows apparent expression in the testis, CNS and no more than two normal somatic 

tissues (Figure 3.9). C9orf11 gave faint bands in the brain cerebellum, foetal brain, spinal 

cord, lung and uterus, with the expected size of 652 bp, whereas PRSS54 was expressed in 

brain cerebellum, spinal cord and prostate with the expected RT-PCR band size of 646 bp. 

DNA sequencing of the RT-PCR products from the testis and two somatic tissues showed 

significant identity with these genes (summary of gene sequencing results in Table 3.4). 

According to their RT-PCR profile, these genes were classified as testis/CNS selective. 
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Figure 3.5.  RT-PCR validation for dismissed genes, which were derived from the EST pipeline, in 
normal human tissues. Agarose gels showing the expression profiles of APOBEC4, C9orf12, C9orf43, 
KDM4D and TNRC18 genes in 21 normal human tissues. cDNA was generated from the total RNA 
prepared from different normal human tissues (collected post mortem). (C) All these genes were 
expressed in most of the normal tissues. (A) Expression of the β-Actin gene is a positive control for the 
cDNA samples. (B) The expression profile of GAGE1, MAGEC1 and SSX2 genes, which were previously 
known as CT antigen genes, evaluated in normal human tissues.  
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Figure 3.6 A.  RT-PCR analysis of the testis-restricted CT genes obtained from an EST pipeline in 
normal human tissues. Agarose gels showing the expression profile of seven testis-restricted candidate 
genes in 21 normal human tissues. cDNA was generated from the total RNA prepared from a range of 
normal human tissues (collected post mortem). (C) All these genes showed no expression in normal 
somatic (non-testis) tissues. For C16orf92, DNA sequencing of two bands in skeletal muscle and bone 
marrow showed no relationship with the C16orf92 gene. (A) Expression of β-Actin gene is a positive 
control for the cDNA samples. (B) The expression profile of GAGE1, MAGEC1 and SSX2 genes, which 
were previously identified as CT antigen genes, evaluated in normal human tissues. 
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Figure 3.6 B.  RT-PCR expression profiles for the testis-restricted CT genes, obtained from an EST 
pipeline, in normal human tissues. Agarose gels showing the RT-PCR analysis of five testis-restricted 
candidate genes in 21 normal human tissues. cDNA was generated from the total RNA prepared from 
many normal human tissues (collected post mortem). (C) All these candidate genes appear to be 
expressed only in the testis. For the ODF4 gene, the higher band and the lower bands were DNA 
sequenced in different normal tissues and showed no match with the ODF4 gene indicating they are 
the products of cross reactivity. (A) Expression of the β-Actin gene is a positive control for the cDNA 
samples. (B) The expression profile of GAGE1, MAGEC1 and SSX2 genes, which were previously 
identified as CT antigen genes, evaluated in normal human tissues.  
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Figure 3.7.  RT-PCR expression profile for the SEPT12 gene in normal human tissues. Agarose gels 
showing the RT-PCR analysis of the testis/CNS-restricted SEPT12 candidate gene in 21 normal human 
tissues. cDNA was generated from a range of normal human tissues (collected post mortem). (C) SEPT12 
is expressed in testis and CNS normal tissues (Brain cerebellum and Spinal cord). The lower bands were 
sequenced in CNS normal tissues and found to be unrelated to the SEPT12 gene. (A) Expression of the β-
Actin gene is the positive control for the cDNA samples. (B) The expression profile of GAGE1, MAGEC1 
and SSX2 genes, which were previously identified as CT antigen genes, evaluated in normal human 
tissues.  
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Figure 3.8.  RT-PCR expression profiles for the C9orf128 gene in normal human tissues. Agarose 
gels showing the RT-PCR analysis of testis selective C9orf128 candidate gene in 21 normal human 
tissues. cDNA was generated from a range of normal human tissues (collected post mortem). (C) 
C9orf128 was expressed in the testis and faint bands appeared in prostate and trachea tissues. Gene 
sequencing of these bands confirmed a relationship with the C9orf128 gene. (A) Expression of β-Actin 
gene is the positive control for the cDNA samples. (B) The expression profile of GAGE1, MAGEC1 and 
SSX2 genes, which were previously identified as CT antigen genes, evaluated in normal human tissues. 
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Figure 3.9.  RT-PCR expression profile for the testis/CNS-selective CT antigen C9orf11 and 
PRSS54 genes in normal human tissues. Agarose gels showing the RT-PCR analysis of C9orf11 and 
PRSS54 in 21 normal human tissues. cDNA was generated from a range of normal human tissues 
(collected post mortem). (C) Expression of C9orf11 and PRSS54 in the testis and a number of normal 
tissues including CNS normal tissues. (A) Expression of the β-Actin gene is a positive control for the 
cDNA samples. (B) The expression profile of GAGE1, MAGEC1 and SSX2 genes, which were previously 
identified as CT antigen genes, evaluated in normal human tissues.  
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3.2.6 RT-PCR analysis of predicted CT genes in cancer cell lines and solid 

tumours 

 
Based on the RT-PCR analysis result of the CT predicted genes in the normal human tissues, 

16 out 21 genes were found to be candidate genes, whereas the other 5 genes were 

dismissed due to their expression in multiple normal human tissues. The 16 genes were 

classified based on their expression in the normal somatic tissues as 12 genes that were 

testis-restricted, one gene that was testis/CNS-restricted, one gene that was testis-selective 

and two genes that were testis/CNS-selective. To address whether these genes could be a 

potential CTA genes, their expression was assessed in 33 cancer cell lines and solid tumours 

from 16 different types of cancers. Most of the genes identified are located on autosomes, 

with exception of MAGE-B5, which is X encoded. According to the RT-PCR analysis result, 14 

of the 21 genes fit the classification of the original EST pipeline, whereas 7 genes showed 

different results in the RT-PCR analysis.  

 

The RT-PCR validations of 16 genes in cancer cell lines showed 7 genes expressed in the testis 

only. No expression of these genes was observed in the 33 cancer cells and tissues. These 

genes were ARRDC5, C4orf17, C16orf92, DDX4, IQCF3, NT5C1B and TMEM202 genes (Figure 

3.10). ARRDC5 was classified based on the original EST data analysis as cancer/testis-

restricted but no expression was observed in the cancer cells. ARRDC5 was analysed in the 

normal human tissues and appeared as a testis-restricted candidate. The other 6 genes were 

classified based on the original EST analysis as testis-restricted and the RT-PCR validation in 

the normal somatic tissues and cancer cells showed similar results to the EST data analysis 

profile. To sum up, these genes were classified according to the PCR profile results as 

belonging to the testis-restricted class.  

 

RT-PCR products for these genes from the testis were sent for DNA sequencing and the 

results showed high identity with each gene (summary of sequencing, Table 3.4). The IQCF3 

gene showed a high molecular weight band with an unexpected size of approximately 1000 

bp in an ovarian cancer cell line (TO14) and the DNA sequence indicated no relation with 



Chapter 3.0  Results 

88 
 

IQCF3 gene. In addition, the C16orf92 gene showed some faint bands with unexpected size 

of about 400 bp in breast cancer cell lines (MCF-7 and MDA-MB-453); again DNA sequencing 

confirmed this band to be unrelated to the C16orf92 gene. 

 

The second group of genes was classified based on the RT-PCR analysis in normal and cancer 

cells as cancer/testis restricted. Among the 16 positive candidate genes showed expression 

in less than two normal tissues, only five genes were expressed in the testis (no expression in 

other somatic tissues) and expressed in several of the cancer cell lines and solid tumours. 

These genes were C12orf12, MAGE-B5, ODF4, PRDM7 and TDRD12 (Figure 3.11). Based on 

the original EST pipeline data, these genes were classified as testis-restricted, with exception 

of ODF4, which was classified as cancer/testis-restricted.  

 

C12orf12 gene was expressed in the testis with the expected size of 748 bp, with a strong 

band present in the ovarian TO14 cell line and faint bands in colorectal cancer cell line 

(SW480), ovarian tumour, and the ovarian PE014 cell line. The MAGE-B5 gene is the only 

member of this class located on the X chromosome and it was expressed in the testis and 

ovarian cancer cell line (TO14) (summary of gene sequencing, Table 3.4).  

 

ODF4 was previously published as a prostate and leukaemia CTA gene (Ghafouri-Fard et al., 

2012; Ghafouri-Fard and Modarressi, 2012). Further analysis of this gene was performed in 

16 other types of cancer. ODF4 was expressed in a range of cancer cell lines and tissues 

including a faint band in embryonic carcinoma, brain cancer, liver cancer, prostate cancer 

and uterine cancer. This gene also showed moderate bands in breast cancers, ovarian 

cancers, melanoma and leukaemia. Sequencing of unexpected bands (less than 400 bp) in 

the colon cancer cell line (Lovo), lung cancer (MRC-5) and melanoma (Colo800) revealed no 

significant similarity to ODF4 (Table 3.4).  

 

The PRDM7 gene contains two isoforms and intron-spanning primers were designed to cover 

both isoforms with an expected size of 278 bp. This gene showed restricted expression to the 
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testis in the normal tissues and showed a faint band in a melanoma cancer cell line (G361) 

and leukaemia cell line (K562). Gene sequencing of these bands revealed high similarity to 

the PRDM9 gene. Unexpected sizes bands appeared in the ovarian cancer cell line (TO14) 

and melanoma cell line (colo857) but were unrelated to the PRDM7 gene.  The TDRD12 gene 

was expressed in the normal testis and no gene expression was observed in other somatic 

tissues. The expression of this gene was also detected in the embryonic carcinoma cancer 

cell line (NT2). Gene sequencing performed on the purified PCR product showed high 

similarity to TDRD12 (summary of sequencing, Table 3.4). 

 

SEPT12 was classified as a class 3 cancer-testis/CNS restricted gene based on the original EST 

pipeline classification. The RT-PCR profile of SEPT12 in normal somatic tissues showed it is 

expressed in the testis as well as in the CNS and the gene was classified as testis/CNS 

restricted. Further analysis of SEPT12 in cancer cell lines showed expression in a colorectal 

cancer cell line (SW480), breast cancer cell lines (MCR-7 and MDA-MB-453) and ovarian 

cancer cell line (PE014) (Figure 3.12). PCR products of SEPT12 were sent for DNA sequencing 

and the results appeared significantly similar to the gene, (summary of sequencing results, 

Table 3.4).   

 

C9orf128 was originally classified as a class 3 cancer-testis/CNS restricted gene according to 

the expression profile obtained from the EST pipeline analysis. However, the RT-PCR profile 

of C9orf128 expression in normal human tissues showed it to be testis-selective, because a 

faint band was observed in the prostate and trachea. The RT-PCR profile of C9orf128 

expression in cancer cell lines showed faint bands in the prostate cancer (PC-3) and uterus 

tumour as well as the normal testis, with the expected size of 731 bp (Figure 3.13). 

Therefore, C9orf128 was classified according to the RT-PCR profile analysis as a cancer/testis-

selective gene. The PCR products from the testis, prostate cancer and uterus tumour were 

DNA sequenced and these results showed significant identity to this gene (summary of 

sequencing, Table 3.4).     
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Based on the original EST pipeline result, C9orf11 was classified as a class 1 testis-restricted 

gene, while PRSS54 was a class 3 cancer-testis/CNS restricted gene. The C9orf11 and PRSS54 

genes were classified as testis/CNS selective based on the results from the RT-PCR analysis in 

normal human tissues. Expression of C9orf11 and PRSS54 was analysed in the cancer cell 

lines and these genes were expressed in some of the cancer cells (Figure 3.14). C9orf11 was 

expressed in colorectal cancer cells (T84), uterus tumour, ovarian cancer cells (PE014) and 

leukaemia cells (K-562) as well as in the normal testis. In contrast, PRSS54 was expressed 

only in ovarian cancer cells (TO14) in addition to the normal testis. According to their 

expression by RT-PCR in normal and cancer tissues, these genes were classified as cancer-

testis/CNS selective. DNA sequencing of the purified RT-PCR products showed significant 

identity to the actual genes (Table 3.4). 
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Figure 3.10.  RT-PCR Screening for the predicted testis-restricted CT genes, obtained from an EST 
pipeline, in cancer cell lines and solid tumours. Agarose gels showing the RT-PCR analysis of 7 
testis-restricted genes in different cancer cell lines and tissues. cDNA was generated from the total 
RNA from 33 cancer cell lines and tissues. (C) All candidate genes show restricted expression to the 
testis and no expression in cancer tissues. For IQCF3, DNA sequencing of the higher band, which 
appeared in the TO14 ovary cell line, confirmed no relation with the IQCF3 gene. (A) Expression of the 
β-Actin gene is the positive control for the cDNA samples. (B) The expression profile of GAGE1, 
MAGEC1 and SSX2 genes, which were previously identified as CT antigen genes, evaluated in cancer 
tissues. 
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Figure 3.11.  RT-PCR analysis for the cancer/testis-restricted predicted CT genes, obtained from 
an EST pipeline, in cancer cell lines and solid tumours. Agarose gels showing the RT-PCR analysis of 
five cancer/testis- restricted candidate genes in a range of cancer cell lines and tissues. cDNA was 
generated from the total RNA from 33 cancer cell lines and tissues. (C) All these candidate genes were 
expressed in the testis and in one or more cancer tissues. (A) Expression of β-Actin gene was the 
positive control for the cDNA samples. (B) The expression profile of GAGE1, MAGEC1 and SSX2 genes, 
which were previously known as CT antigen genes, evaluated in cancer tissues. 
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Figure 3.12.  RT-PCR validation for the SEPT12 gene in cancer cell lines and solid tumours. 
Agarose gels showing the RT-PCR analysis of SEPT12 in a range of cancer cell lines and tissues. cDNA 
was generated from the total RNA from 33 cancer cell lines and tissues. (C) SEPT12 was expressed in 
SW480, MCR-7, MDA-MB-453 and PE014 cancer cell lines as well as in the normal testis. (A) Expression 
of β-Actin gene was the positive control for the cDNA samples. (B) The expression profile of GAGE1, 
MAGEC1 and SSX2 genes, which were previously identified as CT antigen genes, evaluated in cancer 
tissues. 
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Figure 3.13. RT-PCR Screening for the C9orf128 gene in cancer cell lines and solid tumours. 
Agarose gels showing the RT-PCR analysis of C9orf128 in multiple of cancer cell lines and tumours. 
cDNA was generated from the total RNA from 33 cancer cell lines and tissues. (C) C9orf128 was 
expressed in prostate cell line PC-3 and a uterus tumour as well as in the normal testis. (A) Expression 
of β-Actin gene was the positive control for the cDNA samples. (B) The expression profile of GAGE1, 
MAGEC1 and SSX2 genes, which were previously identified as CT antigen genes, evaluated in cancer 
tissues. 
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Figure 3.14.   RT-PCR expression profiles for the C9orf11 and PRSS54 genes in cancer cell lines 
and solid tumours. Agarose gels showing the RT-PCR analysis of C9orf11 and PRSS54 genes in 
multiple cancer cell lines and tumours. cDNA was generated from the total RNA from 33 cancer cell 
lines and tissues. (C) C9orf11 was expressed inT84, uterus tumour, ovary PE014 and K-562 cell lines, 
while PRSS54 was expressed only in TO14 cells as well as in the normal testis. (A) Expression of β-Actin 
gene was the positive control for the cDNA samples. (B) The expression profile of GAGE1, MAGEC1 and 
SSX2 genes, which were previously identified as CT antigen genes, evaluated in cancer tissues. 
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3.2.7 DNA sequencing and classification after RT-PCR validation in normal 

and cancer tissues. 

 
Table 3.4. Summary of DNA sequencing results and the gene classification after RT-PCR 
validation in normal and/or cancer tissues. 

Gene 
name  

Primer 
Sequenced in 
normal tissues 

Sequenced in 
cancer  
samples 

Sequence 
identity 
obtained from 
NCBI blast (%)   

Classification 
after RT-PCR 
validation 

β-Actin F Testis - 100% - 

ALX1 F Testis Trachea 99% Dismissed 

APOBEC4 F Brain, 
cerebellum 

- 99% Dismissed 

ARRDC5 F Testis - 99% Testis-restricted 

C12orf12 F Testis Ovarian 
tumour 

99% Cancer/ testis-
restricted 

C16orf92 F Testis 
Skeletal muscle 

- 100% 
98% TTN 

Testis-restricted 

C4orf17 F Testis - 99% Testis-restricted 

C9orf11 F Testis 
Brain 
cerebellum 

- 
PE014 

100% 
98% 

Testis/CNS-
selective 

C9orf12 F Testis - 100% Dismissed 

C9orf128 F Testis 
Brain 
cerebellum 

- 
Uterus tumour 

100% 
99% 
 

Cancer/testis- 
selective 

C9orf43 F Testis - 98% Dismissed 

DDX4 F Testis - 100% Testis-restricted 

GAGE1 F 
Testis - 99% Control 

IQCF3 F Testis 
 - 

- 
TO14 

100% 
99% 

Testis-restricted 

KDM4D F Testis - 100% Dismissed 

MAGE-B5 F Testis TO14 100% Cancer/ testis-
restricted 

MAGEC1 F 
Testis - 99% Control 

NT5C1B F Testis - 100% Testis-restricted 
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ODF4 F Testis 
Foetal brain 
 

A2780 & K562 
- 
T84 

99% 
99% EPB41L3 
99%  KAP12  

Cancer/ testis-
restricted 

PRDM7 F Testis 
 
 
- 

K562 
 
 
G361  
 

99%  RDM7 
98%  RDM9 
 
99% PRDM7 
97% PRDM9 

Cancer/ testis-
restricted 

PRSS54 F Testis 
 
Spinal cord- 

 
 
TO14 

99%  
 
100% 

Testis/CNS-
selective 

SEPT12 F Testis 
Brain, 
cerebellum- 

- 
- 
MRC-7 

100% 
98% 
99% 

Cancer/Testis-
CNS-restricted 
 

SSX2 F Testis - 99% Control 
TDRD12 F Testis NT2 100% Cancer/ testis-

restricted 
TMEM202 F Testis - 100% Testis-restricted 

TNRC18 F Prostate - 99% Dismissed 

TSSK1B F Foetal brain 
 
- 

MRC-5 
 
TO14 

99% 
 
100% 

Cancer/Testis-
CNS-restricted 
 

WDR20 F Testis - 100% Dismissed 
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3.3 Discussion  

Cancers are complex genetic diseases that lead to uncontrolled cell division, decrease in cell 

death, invasion, destruction of adjacent tissues and spread to other organs of the body 

(Michor et al., 2005; Stratton et al., 2009; Tomasetti et al., 2013). Cancer is normally 

diagnosed and treated in the late stages when the cancer cells invade the body and turn into 

metastatic cells (Suri, 2006; Aly, 2012). Alteration of gene expression and mutations can lead 

to the production of abnormal proteins termed tumour-associated antigens (TAAs).  The 

identification and characterisation of novel TAAs as potential cancer biomarkers and/or 

targets is a key challenge in the successful immunotherapeutic strategies aimed at tumour 

rejection (Krishnadas et al., 2013). CTA genes are attractive targets for cancer therapies due 

to their restricted expression pattern to the testis and malignant tumours.   

 

In this chapter, two methods were used for the identification of novel CTA genes. The first 

was a manual search of the literature for meiosis-specific genes, which can be a rich source 

of CTA genes. Due to the limitations of manually searching for restricted CT genes, a second, 

systematic approach was developed to identify potential CTA genes based on microarray and 

EST databases. 

3.3.1 Gene expression of the TSSK1B gene  

Several known meiosis-specific genes have been found to be expressed in different types of 

cancer including DSB initiator gene SPO11 (Koslowski et al., 2002) and the synaptonemal 

complex protein genes SYCP1 (Tureci et al., 1998), SYCP3 (Modarressi et al., 2004) and 

HORMAD1 (Chen et al., 2005a). The abnormal expression of meiosis-specific genes in cancer 

cells makes them a potential source of biomarkers for cancer diagnostic, vaccine and 

immunotherapy treatments (Old, 2001; Simpson et al., 2005; Caballero and Chen, 2009; 

Feichtinger et al., 2012a). TSSK1B is a meiosis-specific gene that was selected based on the 

manual search in the literature and displayed a promising CT gene characteristics. It was 

expressed only in the testis and foetal brain and in different cancer cell lines (see grid 

summary Figure 3.15 and Figure 3.16). 
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3.3.2 Gene expression of microarray analysis predicted genes  

ALX1 and WDR20 genes were selected from 40 genes derived from microarray analysis.  

ALX1 is a transcription factor gene which may be involved in cervix development and 

chondrocyte differentiation (Zhao et al., 1993; Cai, 1998). In contrast, WDR20 may encode a 

protein that regulates the activity of the USP12-UAF1 deubiquitinating enzyme complex (Kee 

et al., 2010). Due to their expression in the normal tissues, no further investigation of these 

genes was performed in cancer cells (see grid summary Figure 3.15). Different intron-

spanning primers were designed for these genes, but gave the same results. A high number 

of RT-PCR cycles were used and this might be the reason for detection of the low level 

expression of ALX1 in the other normal tissues.  

Microarray technology is a powerful tool for studying the expression of thousands of genes 

from different populations of cells at the same time in a single experiment (Russo et al., 

2003). Microarray analysis can be affected by the noise in the background and poor 

sensitivity as well as the RNA quality of the tested samples, which can lead to inaccurate 

results (Russo et al., 2003). Only two genes ALX1 and WDR20 derived from the microarray 

analysis in this study and were dismissed due to their expression in normal tissues. Due to 

the limited number of genes obtained from the microarray analysis, a second bioinformatic 

approach (EST analysis) was used to identify more candidate genes. 

3.3.3 Gene expression of EST analysis predicted genes 

21 out of 177 genes were chosen from the EST pipeline for further validation in normal and 

cancer tissues. Based on the RT-PCR profile in the normal somatic tissues, 16 of the 21 genes 

were identified as promising CTA genes and thus were further screened in the cancer cell 

lines and solid tumours. Whereas, 5 genes were dismissed due to their expression in more 

than two non-testis normal tissues. Candidate genes were categorised to five categories 

depending on their expression profile in normal somatic and/or cancer tissues using RT-PCR 

analysis. These categories are (i) testis-restricted; (ii) cancer/testis restricted; (iii) 

cancer/testis CNS-restricted; (iv) cancer/testis-selective; and (v) cancer/testis-CNS selective 

genes. 
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3.3.4 Gene expression of dismissed genes from the EST analysis 

The RT-PCR profiles of APOBEC4, C9orf12, C9orf43, KDM4D and TNRC18 were dismissed 

because their expression in more than two normal tissues (summary grid Figure 3.15). Based 

on the original EST pipeline category, C9orf43 and TNRC18 were classified as class 1 testis-

restricted genes. In contrast, the other three dismissed genes, APOBEC4, C9orf12 and 

KDM4D, were classified as class 3 cancer-testis/restricted genes. 

3.3.5 Gene expression of testis-restricted genes 

RT-PCR analysis of ARRDC5, C4orf17, C16orf92, DDX4, IQCF3, NT5C1B and TMEM202 showed 

no expression was observed for these genes in both normal and cancer tissues (see grid 

summary Figure 3.15 and 3.16). Based on the initial EST analysis, most of these genes were 

categorised as a class 1 testis-restricted with the exception of ARRDC5, which was classified 

as class 2 cancer-testis restricted. Most of these genes encoded proteins of uncharacterised 

function and they might be novel potential CTA genes.  

3.3.5.1 Meta-analysis of testis-restricted genes  

The seven testis-restricted genes were investigated in samples derived from patients using a 

meta-analysis microarray web tool (CancerMA, http://www.cancerma.org.uk/; (Feichtinger 

et al., 2012b).  Basically, the meta-analysis pipeline was derived from microarray data sets 

from 13 untreated types of cancer and compared to normal tissues with a total of 80 cancer 

data sets. These genes were analysed as well as 3 positive X-CTAs (GAGE1, MAGEC1 and 

SSX2) to identify the meta-changes in these genes in relation to corresponding cancer types 

based on the microarray dataset. Two genes were not present in the array: ARRDC5 and 

TMEM202. In addition, the meta-analysis result showed statistically significant up-regulation 

of 5 genes (Figure 3.17). C4orf17 was up-regulated in brain cancer whereas IQCF3 was up-

regulated in adrenal cancer. The meta-analysis result also showed a significant up-regulation 

of the NT5C1B gene in leukaemia. The C16orf92 and DDX4 genes were identified to be up-

regulated in ovarian cancer.  

 The three positive control genes, GAGE1, MAGEC1 and SSX2, were validated with the meta-

analysis to assess our results. The control genes showed a significant up-regulation in ovarian 

cancer and lung cancer. Also, GAGE1 and SSX2 were significant up-regulated in brain cancer. 
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Figure 3.15. Grid representation of the gene expression profiles of 24 genes validated in 
normal human tissues. Gene expressions are represented in the grid in the rows, while each column 
represents a range of normal human tissues. RT-PCR expression profiles of each gene are visualised in 
1% agarose gels stained with ethidium bromide. The intensity of the bands is graded with different 
shades of purple (see the key at the top left) (+) is weak expression band and (+++++) is strong 
expression band. In the grid, (A) expression of the β-Actin gene shows the positive control for the 
cDNA samples. (B) The expression profile of GAGE1, MAGEC1 and SSX2 genes, which were previously 
identified as CT antigen genes; (C) dismissed genes derived from microarray analysis; (D) dismissed 
genes derived from EST pipeline. (E) Expression of meiotic-specific TSSK1B gene; (F) testis-restricted 
genes; (G) cancer/testis restricted genes; (H) testis/CNS restricted SETP12 gene; (I) testis-selective 
C9orf128; (J) Testis/CNS-selective genes; C9orf11 and PRSS54. 
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Figure 3.16. Grid representation of the gene expression profiles of 17 candidate genes in 
cancer cell lines and tissues. Gene expressions are represented in the grid in the rows, while each 
column represents a range of normal human tissues. RT-PCR expression profiles of each gene are 
visualised in 1% agarose gels stained with ethidium bromide. The intensity of the bands is graded 
with different shades of purple (see the key at the top left) (+) is weak expression band and (+++++) is 
strong expression band. In the grid, (A) expression of β-Actin gene shows the positive control of the 
cDNA samples. (B) The expression profile of GAGE1, MAGEC1 and SSX2 genes, which were previously 
identified as CT antigen genes, (C) Expression of meiotic-specific TSSK1B gene; (D) testis-restricted 
genes; (E) cancer/testis restricted genes; (F) testis/CNS restricted SEPT12 gene; (G) testis-selective 
C9orf128; (H) testis/CNS-selective genes; C9orf11 and PRSS54. 
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Figure  3.17. The circus plot for microarray analysis of testis-restricted genes showing the meta-
change in gene expressions in relation to corresponding cancer types. Seven testis-restricted 
candidate genes and three positive control genes were analysed in meta-analysis using the online web 
tool CancerMA (http://www.cancerma.org.uk/; Feichtinger et al., 2012b). Each connection between 
the gene and a corresponding type of cancer indicates a statistically significant up-regulation in that 
type of cancer; these gene are C4orf17, C16orf92, DDX4, IQCF3, NT5C1B and three positive controls, 
GAGE1, MAGEC1 as well as SSX2. Two genes not appearing in the array are ARRDC5 and TMEM202. 
The cancerMA tool analyses the expression of these genes against 13 types of cancer vs normal tissue 
derived from different array studies.       
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3.3.6 Gene expression of novel cancer/testis-restricted genes 

The RT-PCR expression profiles of five genes indicated that they were cancer/testis-restricted 

genes. These genes were expressed in normal testis and no expression was determined in 

non-testis normal tissues (summary Figure 3.15). These genes were validated in the 33 

cancer cell lines and solid tumours and appeared to be expressed in more than one cancer 

cell line/tissue (summary Figure 3.16). These genes included C12orf12, MAGE-B5, ODF4, 

PRDM7 and TDRD12. Some of these genes are encoded with uncharacterised protein 

functions and the others have known protein functions. All these genes have autosomal 

locations with the exception of MAGE-B5 which is X-chromosome encoded. This group of 

genes might be considered as promising biomarkers and /or targeted genes for 

immunotherapeutic strategies based on their mRNA expression. 

C12orf12 (also termed CCER1) is an uncharacterised protein found to be expressed in the 

colorectal cancer cell line (SW480) and 3/4 of ovarian cancer cell lines/tumours. The 

expression of C12orf12 was observed in the normal testis but not in other somatic tissues. 

The coding sequence of C12orf12 did not consist of any introns, so an intron-spanning primer 

could not be designed.  

MAGE-B5 belongs to a large group of known CTA genes, the MAGE-A, B and C families, which 

are encoded on the X- chromosome; this gene was the only X-CT candidate gene in this study 

(Lucas et al., 2000). The expression of MAGE-B5 was identified in the ovarian cancer cell line 

(TO14) as well as in the normal testis. A previous study by Lucas et al. (2000) on 18 different 

types of cancer determined that MAGE-B5 was expressed in the seminoma but no expression 

was detected in other tumours. However, in that previous study did not analyse MAGE-B5 in 

ovarian cancer. In our case, this gene was expressed in 16 different types of cancer including 

ovarian cancer. The clinical relevance of MAGE-B5 in meta-analysis microarray was not 

apparent. However, some of the MAGE family members have been found to have oncogenic 

activity, such as MAGE-A2 which was shown to be involved with other genes in down-

regulation of the tumour suppressor gene p53 (Monte et al., 2006).  C12orf12 and MAGE-B5 

were expressed mostly in ovarian cancer, where these genes might play a normal role in 

meiosis, such as in foetal ovary development and they may preferentially reactivate in 
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ovarian cancer. These genes might be a potential genes used as diagnostic tool and/or 

treatment of ovarian cancers. 

ODF4 was expressed in a range of cancer cell lines and solid tumours as well as in the normal 

testis. This gene was a previously identified as a CTA gene in leukaemia and prostate cancers 

(Ghafouri-Fard et al., 2012; Ghafouri-Fard and Modarressi, 2012). Our results showed that 

this gene was expressed in a range of cancer cells, not only in leukaemia and prostate cancer. 

The meta-analysis result for ODF4 showed a significant up-regulation in adrenal and ovarian 

cancers (Figure 3.18).  

The RT-PCR profile of PRDM7 showed expression in the leukaemia cell line (K562), melanoma 

cell line (G361) and in the normal testis tissues. The meta-analysis result of PRDM7 revealed 

statistically significant up-regulation in ovarian cancer (Figure 3.18). PRDM7 is a member of 

PRDM gene family which consists of 17 human genes. This family is characterised by the 

presence of the PR-domain containing protein and the SET domain of histone 

methytransferases. Some of the PRDM genes may be involved in transcriptional regulation, 

cell differentiation and consequently neoplastic transformation (Fog et al., 2012). PRDM7 is 

the only member of PRDM family that was generated by a duplication with the hot spot 

activator PRDM9 (Fumasoni et al., 2007).  

The TDRD12 (also termed ECAT8) gene was expressed only in the embryonic carcinoma cell 

line (NT2) as well as in the normal testis tissue.  The RT-PCR expression profiles for the 21 

genes in the normal and cancer tissues suggested that TDRD12 is the only potential 

biomarker that is expressed in germ line tumours, with the exception of low expression of 

the ODF4 gene.  TDRD12 has a unique function in RNA biogenesis through its interaction with 

the piwi protein in mice (Pandey et al., 2013). Normally, germ cell lines emerging through 

embryogenesis differentiate to give mature gametes (spermatocytes and oocytes).  

Alteration of the germ cell development may cause testicular tumours. One interesting 

hypothesis proposed that testicular tumours may emerge from the germ cells that fail to be 

mitotically inactive during the resting phase of G0 arrest (reviewed in Heaney et al., 2012). 

The expression of TDRD12 in both testis and a germ cell line (NT2) might be a result of 
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mitotic inactivation and could represent DNA hypomethylation of this gene in NT2 as most of 

the CTA can be regulated through epigenetic events (reviewed in Fratta et al., 2011).      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18. The circus plot for microarray analysis of genes expressed in more than one 
cancer cell line/tissue using RT-PCR. The meta-change expression of candidate genes in relation to 
corresponding of cancer types. Ten candidate genes showing expression in more than one cancer 
cell line/tissue were analysed in clinical meta-analysis using the online web tool CancerMA 
(http://www.cancerma.org.uk/; Feichtinger et al., 2012b). Each connetion between the gene and a 
corresponding type of cancer indicates a statistically significant up-regulation in that type of cancer. 
Only 4 genes out 10 showed statistically significant up-regulation of these genes: C9orf11, ODF4, 
PRDM7 and PRSS54. The CancerMA tool analysed the expression of these genes against 13 types of 
cancer vs normal tissue derived from different array studies.       
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3.3.7 Gene expression of cancer/testis-CNS restricted genes 

 
The RT-PCR profile of SEPT12 in normal somatic tissues revealed expression in the normal 

testis as well as in the CNS, including the brain cerebellum and foetal brain tissues. This gene 

also was expressed, with a faint band produced from some of the colorectal cancer, breast 

cancer and ovarian cancer cell lines (see summary grid Figure 3.15 and 3.16). 

The meta-analysis result of SEPT12 shown no significant up-regulation. SEPT12 can be used 

as a potential cancer testis/CNS-restricted gene because the CNS (brain cerebellum and 

foetal brain tissues) as well as the testis are immune privileged sites. The blood-brain barrier 

(BBB) isolates the CNS from the immune system and does not allow leukocyte entry 

(Bechmann and Woodroofe, 2014). However, the expression of SEPT12 in CNS tissues might 

reflect the nature of the normal somatic tissues used in this study.  

Most of extracted RNA was obtained from “normal tissues” post mortem and were collected 

from different individual patients of different ages and with different health problem. These 

tissues were often pooled together and some of these tissues might have harboured 

undiagnosed cancer, which would explain the aberrant expression of some CTA genes 

(Feichtinger et al., 2012a).  

3.3.8 Gene expression of cancer/testis selective genes 

Three of the 21 genes identified by the EST pipeline analysis were CT-selective genes.  

C9orf128 was expressed in two normal somatic tissues, the prostate and trachea, as well as 

in the normal testis. This gene was also expressed in a prostate cancer cell line (PC-3) and 

uterus tumour (see summary grid Figure 3.15 and 3.16).  

C9orf128 (also called FAM221B) is a protein of uncharacterised function and the expression 

of this gene indicates that it may play a role in prostate development and tumourigenesis. 

However, evidence from a clinical study indicated that a large number of people can carry 

microscopic cancer cells that do not reach a level of becoming clinically detectable disease 

(Naumov et al., 2009). For this reason, the “normal” somatic prostate and trachea RNA used 

in the present study to validate C9orf128 could conceivably have carried undetected 

microscopic cancer. 
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In addition to C9orf128, two genes were found to be CT/CNS-selective genes. C9orf11 

expression was found in normal CNS, testis, lung and uterus tissues, whereas PRSS54 was 

expressed in normal CNS, testis and prostate tissues. The expression of C9orf11 was also 

detected in cancer cell lines (T84, PE014 and K-562) as well as uterus tumour. In contrast, 

PRSS54 was only expressed in ovarian cancer cells (TO14) (see summary grid Figure 3.15 and 

3.16).  

The meta-analysis result of these genes showed a significant up-regulation of C9orf11 in 

ovarian, brain and prostate cancers, while PRSS54 showed a statistically significant up-

regulation in ovarian cancer (Figure 3.18). The clinical meta-analysis results are similar to 

those observed with RT-PCR.  

The aberrant expression of these genes may be a result of the nature of “normal” RNA 

purchased from Clontech and Ambion. Typically, normal tissues from a number of individuals 

obtained post mortem and are pooled together. It is might that some of these “normal” 

tissues had undiagnosed microscopy neoplastic cells and possibly have been aberrantly 

expressing these genes.  

For example, Chen and colleagues (2005) was noticed some different CT genes expression in 

the similar normal tissue types but from different source. They found some genes expressed 

in normal tissues but their expression could not be detected in similar type of the normal 

tissues but obtained from different source (Chen et al., 2005b; Feichtinger et al., 2012a). 

Although these companies follow a high standard of quality, these genes need to be 

investigated in a new panel of normal RNA from other sources to confirm their classification 

as CT-selective genes.     

3.4 Conclusions 

This chapter focused on identification and validation of potential novel genes. Due to their 

unique expression and immunogenicity, CTA antigens can be used as potential cancer 

biomarkers and in targeting of cancer immunotherapy. In this project, two approaches were 

taken for the identification of novel cancer testis CTAs genes: (i) searching manually in the 

literature for meiosis-specific genes and (ii) a systematic approach using bioinformatics 
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technology. Only one meiosis-specific gene (TSSK1B) was selected from the literature and it 

appeared to be a potential CTA gene.  

In this study, a systematic approach was developed to identify new CTA genes using publicly 

available microarrays and EST databases (developed by J.Feichtinger; Feichtinger et al., 

2012a; 2012b; 2014a). 100% of the genes selected from the microarray analysis data were 

dismissed, whereas 76% of genes derived from the EST analysis pipeline were found to be 

potential testis-specific genes. The analysis of EST pipelines was more specific than 

microarray pipeline analysis and was used as an additional filter to exclude non-testis-

specific genes.  

RT-PCR analyses were used to validate the expression of the predicted genes in 21 normal 

somatic tissues. If the gene expression was determined in more than two normal somatic 

(non-testis) tissues, that gene was dismissed [with the exception of the CNS tissues which are 

immune privileged due to the blood-brain-barrier (BBB)].  

In total, 17 genes were identified as promising testis-specific genes and were validated in 33 

cancer cell lines and solid tumours. This identified 5 potential cancer/testis-restricted antigen 

genes that were expressed in the normal testis as well as in several cancer cell lines/tissues. 

These genes were C12orf12, MAGE-B5, ODF4, PRDM7 and TDRD12. Three genes were 

identified as either cancer/testis-selective such as (C9orf128) or cancer/testis-CNS selective 

(C9orf11 and PRSS54); whereas one gene was testis/CNS-restricted (SEPT12).  

Based on the RT-PCR profiles and the meta-analysis of these genes, six genes were expressed 

in ovarian cancers and might be used as biomarkers/targets for that type of cancer. These 

genes may play a critical role in normal meiosis, such as in foetal ovary development, and 

may also preferentially reactivate in ovarian cancer.  

Another class of genes was expressed only in the testis but the expressions of these genes 

were not detected in the other cancers or normal tissues that were investigated. These 

genes were ARRDC5, C4orf17, C16orf92, DDX4, IQCF3, NT5C1B and TMEM202.  

The meta-analysis showed that C4orf17 was up-regulated in brain cancer whereas IQCF3 was 

up-regulated in adrenal cancer. NT5C1B was also up-regulated in leukaemia and C16orf92 

was up-regulated in ovarian cancer as well as being down-regulated in head and neck cancer. 
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Thus, these genes require more validation in different cancer cell lines and solid tumours to 

address whether they represent potential tissue restricted CTA genes. 

These genes were sub-classified as meiCT genes, which are extensively expressed in ovarian 

cancers. All of predicted CTA genes in this study were non-X-coded and only one gene was 

located on the X-chromosome. These genes now need to be studied at the protein level to 

identify their functions, which may include oncogenic activity. The CTA genes are also known 

to be regulated by epigenetic changes; and in the next chapter, several identified CTA genes 

were studied for epigenetic effects.  
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Chapter 4.0 RT-PCR analysis of epigenetic 

regulation of potential novel cancer testis 

antigen genes in colon cancer cell lines 
 

4.1 Introduction   

Epigenetic mechanisms play an important role in the regulation of gene expression and 

normal mammalian cell development. Differentiating male germ cells undergo a distinct of 

series epigenetics transition that are characterised by global chromatin changes; these 

factors include DNA and histone modifications as well as chromatin remodelling (Nottke et 

al., 2009; Meikar et al., 2013). Epimutations can lead to increased genomic instability by the 

silencing of tumour suppressor genes and/or activation of oncogenes either independently 

or in association with genetic mutations or deletions. However, the biological mechanism 

which leads to the abnormality of epigenetics remains poorly understood (Sharma et al., 

2010). 

Cancer germline (CG) or cancer-testis (CT) antigen genes are normally expressed in the germ 

cells and aberrantly expressed in different types of cancers, but these genes are not 

expressed in normal somatic tissues (Simpson et al., 2005; Link et al., 2009). Several CTA 

genes are usually found co-expressed in positive tumours, which suggests that their 

activation in cancers is due to a global gene activation mechanism rather than stochastic 

individual events. Regulation of the CTA genes is proposed to occur at the transcriptional 

level by epigenetic signals that affect not only repeated sequences but also single copy 

genes, which may lead to alteration of gene expression in cancers (De Smet et al., 1999; De 

Smet and Loriot, 2013).   

4.1.1 The role of DNA methylation in CTA gene regulation 

DNA methylation is an enzymatic reversible reaction characterised by addition of a methyl 

group (CH3) onto the 5’ position of cytosine bases in CpG dinucleotides to form 5-

methylcytosine. The reaction is catalysed by a key family of enzymes known as DNA 
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methyltransferases (DNMTs) which transfer a methyl group from S-adenosylmethionine 

(SAM) to cytosine. Hypermethylation (an increased level of methylation) of the CpG island of 

a gene promoter is often associated with gene silencing, as it prevents transcription factors 

(TFs) from binding to gene promoters. For example, tumour suppressor genes (TSGs) can be 

silenced through promoter hypermethylation. By contrast, promoter hypomethylation (a 

decreased level of methylation) is associated with expression of silenced genes in cancer 

cells (For example, see Coppedè, 2014). 

Different definitions have been proposed for the CpG island; however, Takai and Jones 

(2002) defined the CpG islands as a genomic region of DNA greater than 500 bp in size, 

containing greater than 55% of G:C content and an observed/expected ratio of CpG greater 

than 0.65 (Takai and Jones, 2002).  

CTA genes are highly methylated and transcriptionally repressed in normal somatic cells but 

their promoter regions are associated with DNA hypomethylation (demethylation) in the 

testis and sperm as well as in human tumours (Marchal et al., 2004; Ehrlich and Lacey, 2013). 

Bisulphite DNA sequencing of the promoter regions of several CTA genes confirmed that CTA 

gene promoters are hypomethylated among different types of tumours when compared with 

the normal matched samples (Glazer et al., 2009; Smith et al., 2009). Previous studies 

showed that treatment of cancer cell lines that do not express CTA genes with epigenetic 

modulating inhibitors, including drugs targeting DNA methyltransferase (DNMT) and/or 

histone deacetylase (HDAC), activate the expression of several of CTA genes (reviewed in 

Link et al., 2009; Fratta et al., 2011). 

In addition, CTA genes (SSX, NY-ESO-1 and N-RAGE) are expressed in human adult 

mesenchymal and foetal stem cells, which show low levels of DNA methylation (Cronwright 

et al., 2005). This sensitivity of CTA genes to epigenetic modulation inhibitors, particularly 

methylation drugs, might be a result of the CpG-rich islands that are frequently found in their 

promoter regions (De Smet et al., 1999; De Smet and Loriot, 2013). By contrast, genes with a 

low density of CpG islands in their promoter regions are affected very little by DNA 

methylation and frequently display an inconstant relationship between transcriptional 

silencing and promoter methylation (Boyes and Bird, 1992; De Smet and Loriot, 2013). 
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However, some of the CTA genes that lack rich CpG sites are activated by DNMT inhibitors. 

For example, the SPANX gene was activated by 5-aza-2′-deoxycytidine treatment even 

though this gene lacks a CpG island in its promoter region (Zendman et al., 2003b; Menendez 

et al., 2007).   

The possible mechanisms underlying DNA demethylation in cancer cells remain poorly 

understood. However, two processes of DNA demethylation in cancer are known: passive 

and active demethylation. Passive demethylation is based on the inhibition of DNA 

methyltransferase enzymes such as DNMT1, DNMT3A and DNMT3B, which commonly 

preserve DNA methylation marks during mammalian development. Active demethylation, on 

the other hand, refers to involvement of demethylation enzyme activity such as Ten-eleven 

translocation (TET) proteins that modifies the methyl group from 5-methylcytosine (5mC)  

upon base excision DNA repair pathway (BER) (reviewed in Chen and Riggs, 2011; De Smet 

and Loriot 2013).  

Active CTA gene promoters in cancer cells commonly rely on a hypomethylation of the gene 

promoter. Previous study of the MAGEA1 promoter shows that protection of the promoter 

region against DNA remethylation was dependent on the transcriptional activation levels. 

This indicates that maintenance of the promoter hypomethylation of CTA genes in cancer 

cells depends on the existence of appropriate transcription factors and their activation (De 

Smet et al., 2004). For instance, the SP1 transcription factor was found to regulate the 

activity of several CTA genes including the MAGE family as well as the NY-ESO-1 gene by 

binding to their promoters in an unmethylated state (De Smet et al., 1995; Kang et al., 2007). 

SP1- binding elements were shown to preserve the methylation-free events of NY-ESO-1 and 

to play a role in protecting the promoter regions against DNA remethylation (Kang et al., 

2007). SP1 transcription factors have been proposed to cooperate with the BORIS 

transcription factor in the demethylation of CTA genes (Vatolin et al., 2005; Kang et al., 

2007).    

4.1.2 The role of histone modification in CTA genes 

The basic unit of chromatin is the nucleosome, which consists of approximately 146 bp of the 

DNA wrapped around an octamer of four histone proteins H4, H3, H2A and H2B (Sharma et 
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al., 2010). Histone modifications and DNA methylation can influence each other during 

mammalian development (Cedar and Bergman, 2009). Specific histone H3 modification 

patterns are associated with CTA gene expression status in malignant tumours (James et al., 

2006; Woloszynska-Read et al., 2007; Link et al., 2009). Treatment of cancer cells with a 

histone deacetylase inhibitor (HDACI) alone is insufficient to activate CTA genes but when 

supplied in combination with an inhibitor of DNA methylation, this upregulates the 

transcription level of these genes (Wischnewski et al., 2006).  

Previous studies have indicated that CTA genes are transcriptionally silenced in colorectal 

cancer due to DNA hypermethylation and are induced by genetic targeting of DNMT 

enzymes in colon cancer cells (Karpf et al., 2004; James et al., 2006; Link et al., 2009). 

Colorectal cancer (CRC) is the third leading cause of death among the most common 

malignancies in men and the second in women in developing countries. In the USA an 

estimated 71,830 males and 65,000 females are diagnosed annually as new cases of 

colorectal cancer; and approximately 24,040 women and 26,270 men may die from colon 

cancer (Siegel et al., 2013). HCT116 and SW480 colon adenocarcinoma cell lines are 

therefore proposed to be useful models for the study of the mechanism of regulation of CTA 

genes in human cancers. 

In this chapter, two epigenetic inhibitors were used to examine the effects of 

hypomethylation and/or histone deacetylase treatments on the expression of potential 

novel CTA genes (meiCT genes) which were identified in Chapter 3.0 as potentially encoding 

immunotherapeutic targets. The DNA hypomethylation agent 5-aza-2′-deoxycytidine (5-AZA-

CdR) was shown to induce the expression of silenced CTA genes in different cancer cells 

depending on the doses and duration of the cell treatments. The histone deacetylase 

inhibitor Trichostatin A (TSA) has been reported to have a small effect on CTA genes 

expression when supplied alone but can promote the up-regulation of gene expression when 

supplied in combination with 5-AZA-CdR (reviewed in De Smet and Loriot, 2013; Whitehurst, 

2014). In the work presented here,  two colorectal cancer cell lines  HCT116 and SW480, 

were treated with different doses of 5-AZA-CdR and/or TSA for different incubation times in 
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order to compare the influence of epigenetic treatments on gene expression in both cancer 

cell types.  

Here, 11 potential candidate CTA genes studied in Chapter 3.0 and 5 genes previously 

published by Feichtinger et al., (2012a) were analysed for activation using RT-PCR in 

colorectal cancer cells treated with 5-AZA-CdR and/or TSA inhibitors. Two well-known CTA 

genes, GAGE1 and SSX2, were used in addition to a positive control to assess gene 

expression. These genes were chosen because their expression cannot be detected in 

untreated HCT116 and SW480 cancer cells. 

The 16 candidate genes were previously categorised into three classes based on their RT-PCR 

profiles in both normal and cancer cells. Class 1 contains 6 genes that are testis-restricted; 

class 2 contains 7 genes that are cancer-testis restricted; and class 3 contains 3 genes that 

are cancer/testis-CNS restricted (Feichtinger et al., 2012a).    
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4.2 Results 

4.2.1 The influence of 5-AZA-CdR and/or TSA inhibitors on the expression 

of testis-restricted genes in HCT116 cancer cells 

The influence of DNA demethylation and histone deacetylation on the expression status of 

CTA genes was investigated by treating the human colon cancer cells lines HCT116 and 

SW480 with different doses of 5-AZA-CdR and/or TSA inhibitors. The HCT116 and SW480 

cells were treated with a range of concentrations of 5-AZA-CdR (0.1, 0.5, 1.0, 5.0, 10.0 and 

15.0 µM) for 48 or 72 hours. Cells were also treated with the histone deacetylation TSA 

inhibitor at different concentrations (150, 300 and 600 nM) for 24 hours. The combined 

influence of DNA demethylation and histone deacetylation on CTA gene induction was 

examined by treating cells with different doses of  5-AZA-CdR (0.1, 0.5, 1.0, 5.0, 10.0 and 15.0 

µM) in combination with 300 nM TSA for 48 hours.  

 

The HCT116 and SW480 cells treated with DMSO were used to compare the gene expression 

since the drugs were dissolved in DMSO. Untreated HCT116 and SW480 cells were also used 

as a negative control to compare the expression of CTA genes in treated cells; the normal 

testis was also employed as a positive control.  

Two well-known X-CTA genes, GAGE1 and SSX2, previously reported to be actively 

transcribed via DNA hypomethylation were used to assess gene expression. The 16 CTA 

genes were previously categorised based on their RT-PCR profile in both normal and cancer 

cells into three classes (Table 4.1).  

 

RT-PCR was used to validate the expression in both treated and untreated cell lines. The 

cDNA was synthesised from total RNA preparations isolated from both treated and untreated 

cells. The cDNA quality was assessed using the β-actin gene in this study. Primers were 

designed to span more than one intron where possible to avoid genomic DNA 

contamination. 

The RT-PCR validation of six testis-restricted genes in HCT116 cells treated with 5-AZA-CdR 

identified two genes that were apparently activated by DNA hypomethylation, whereas four 
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genes showed no effect of the inhibitor on gene expression (Figure 4.1). DDX4 was expressed 

after treatment of HCT116 cells with 0.5 to 15 µM of 5-AZA-CdR for 48 hours. The DDX4 gene 

was also expressed after treatment with 0.1 to 15 µM of 5-AZA-CdR for 72 hours. The IQCF3 

gene displayed faint bands after treatment of HCT116 cells with 5-AZA-CdR for 72 hours. 

Treatment with different concentration of 5-AZA-CdR resulted in no activation of four genes 

ARRDC5, C4orf17, NT5C1B and TMEM202; these genes all remained silenced.  

 

The expression profile of the control genes GAGE1 and SSX2 showed activation after the cells 

were treated with 5-AZA-CdR. The intensity of the bands for DDX4, IQCF3 and control genes 

increased throughout the time course and/or in response to the concentration of inhibitor 

uses as the treatment.  

The possibility that histone deacetylation can induce the expression of testis-restricted genes 

was explored by performing RT-PCR analysis of HCT116 cells treated with the TSA inhibitor. 

The expression profiles of six testis-restricted genes showed that these genes remained 

silenced when the cells were treated with different concentrations of TSA (150, 300 and 600 

nM) for 24 hours. Only the GAGE1 control gene showed induction after the cells were 

treated with 300 nM and 600 nM TSA (Figure 4.2).  

 

The potential for a combined treatment of 5-AZA-CdR and TSA to activate the expression of 

testis-restricted genes was examined by analysing gene expression in HCT116 cells treated 

with 5-AZA-CdR at different doses (0.1, 0.5,1.0,5.0,10.0 and 15.0 µM) in combination with 

300 nM TSA for 48 hours. The expression profiles of six testis-restricted genes indicated that 

they remained silenced with the combined treatment, with the exception of the IQCF3 gene, 

which showed significant expression.  

 

Surprisingly, the combination of histone deacetylation and DNA demethylation inhibitors 

resulted in transcriptional silencing of DDX4 expression and increased the expression of 

IQCF3 in HCT116 cells. The band intensity for the expression of the control SSX2 gene also 

imply decreased expression following treatment with 300 nM TSA (Figure 4.3; although 
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quantitative RT-PCR would be need to confirm this). The PCR products of these genes were 

sequenced to ensure that the correct gene had been amplified. The sequencing results are 

shown in Table 4.2. 

4.2.2 The influence of 5-AZA-CdR and/or TSA inhibitors on the expression 

of testis-restricted genes in SW480 cancer cells 

 
Treatment of HCT116 cells with different concentrations of 5-AZA-CdR and/or TSA for short 

and long time courses had no effect on the expression of four genes, which remained 

silenced. However, CTA genes are expressed in some cancer cells and lack expression in 

others. This indicated CTA genes can be expressed in different patterns in cancer cells 

(Simpson et.al, 2005; Feichtinger et al., 2012a). We next asked whether treatment of SW480 

cells with epigenetic inhibitors might induce the expression of testis-restricted genes.  

 

The RT-PCR analysis of six testis-restricted genes in SW480 cells treated with 5-AZA-CdR 

revealed the induction of only two genes, DDX4 and IQCF3. No expression of ARRDC5, 

C4orf17, NT5C1B or TMEM202 was detected in SW480 cells after treatment (Figure 4.4). The 

DDX4 gene showed faint bands after treatment of SW480 cells with 5 to 15 µM of 5-AZA-CdR 

for 48 hours. The expression of DDX4 was also up-regulated with moderate intensity bands 

after treatment with 0.5 to 15 µM of 5-AZA-CdR for 72 hours. This result indicated that DDX4 

was more strongly induced in by 5-AZA-CdR in HCT116 cells than in SW480 cells. In addition, 

the intensity of the DDX4 bands was influenced by the incubation time and the treatment 

doses.  

On the other hand, IQCF3 showed faint expression after treatment of SW480 cells with 5-

AZA-CdR but only after 72 hours of treatment. Increasing the treatment concentration 

and/or the incubation time did not result in any activation of the expression of ARRDC5, 

C4orf17, NT5C1B or TMEM202. Both CTA control genes GAGE1 and SSX2 were activated and 

showed strong band intensity in SW480 cells treated with 5-AZA-CdR (Figure 4.4).   

No significant expressions of testis-restricted genes were observed in SW480 cells treated 

with TSA, with the exception of IQCF3. Interestingly, IQCF3 was induced in SW480 cells at 
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TSA concentrations of 300 nM and 600 nM, whereas this gene was not expressed in HCT116 

cells at these TSA concentrations (Figure 4.5). 

In addition, co-treatment of SW480 cells with 5-AZA-CdR and TSA did not induce the 

expression of ARRDC5, C4orf17, DDX4, NT5C1B or TMEM202. The only testis-restricted gene 

to show significant expression was IQCF3 (Figure 4.6), which displayed moderate bands 

intensity after treatment of SW480 cells with 0.1 to 15 µM of  5-AZA-CdR in combination 

with 300 nM TSA for 48 hours. However, the same level of expression observed in the testis 

could not be attained in most cases for the testis-restricted genes. The PCR products of these 

genes were purified and sequenced to confirm that the correct DNA sequence was amplified 

(summary of sequencing, Table 4.2). 
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Table 4.1. Classification and expression of CTA genes were previously categories based on 
their RT-PCR profile in both normal and cancer cells. 

Gene name Chromosome 
location 

Expression in 
normal 
tissues 

Expression in cancer tissues Expression in 
colon cancer  

Positive control genes 

GAGE1 X No Embryonic carcinoma, 
cervix, colon, ovary, 

melanoma and leukaemia 

HT29 and LoVo 
cell lines  

SSX2 X No Melanoma and leukaemia No 

          Class 1: testis-restricted genes 

ARRDC5 19 No No No 

C4orf17 4 No No No 

DDX4 5 No No No 

IQCF3 3 No No No 

NT5C1B 2 No No No 

TMEM202 15 No No No 

                   Class2: cancer/testis-restricted genes 

*C17orf98 17 No Embryonic carcinoma  No 

ODF4 17 No Embryonic carcinoma, 
Breast,  cervix,  ovary, 

stomach melanoma and 
leukaemia 

No 

PRDM7 16 No melanoma and leukaemia SW480 cells 

*PRDM9 5 No Embryonic carcinoma, 
breast,  cervix, colon, ovary, 
melanoma and leukaemia 

LoVo cell line 

*SMC1β 22 No Embryonic carcinoma, 
breast and leukaemia 

No 

*STRA8 7 No Breast, lung, liver and uterus  No 

TDRD12 19 No Embryonic carcinoma No 

               Class3: cancer/testis-CNS-restricted 

*C20orf201 20 CNS Breast, ovary, melanoma 
and leukaemia 

No 

SEPT12 16 CNS Breast, colon and ovary SW480 cells 

*SYCP1 1 CNS Embryonic carcinoma, 
melanoma and ovary 

No 

*These genes were published in Feichtinger et al., (2012a).   
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Figure 4.1. The effect of 5-AZA-CdR on testis-restricted genes expression in the HCT116 cancer 
cell line. Agarose gels showing the expression of six testis-restricted genes after HCT116 cells 
treatment with a range of concentrations of 5-AZA-CdR (0.1, 0.5, 1.0, 5.0, 10.0 and 15.0 µM) for 48 
hours (on the left) or 72 hour (on the right). Untreated HCT116 cells were used to compare with 
treated cells and a testis sample served as a positive control. Control HCT116 cells were treated with 
DMSO since DMSO was the solvent used for the 5-AZA-CdR solution. (C) DDX4 and IQCF3 were 
slightly activated after treatment for 72 hours, whereas the four genes ARRDC5, C4orf17, NT5C1B 
and TMEM202 remained silenced. (A) Expression of the β-Actin gene shows the positive control of 
the cDNA samples in both cases. (B) The expression profiles of known CT antigen genes, GAGE1 and 
SSX2, show that these genes are activated after cell treatment with 5-AZA-CdR and the intensity of 
the bands increases with the time and concentration of the treatment.  
*This is mispriming product not belong to IQCF3 gene 
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Figure 4.2.  The effect of TSA on testis-restricted genes expression in the HCT116 cancer cell 
line. Agarose gels showing the expression of six testis-restricted genes after treatment of HCT116 
cells with a range of concentrations of TSA (150 nM, 300 nM and 600 nM) for 24 hours. Untreated 
HCT116 cells were used to compare with treated cells and a testis sample served as a positive 
control. Control HCT116 cells were treated with DMSO since this was the solvent used for the TSA 
solution. (A) β-Actin served as a positive control for the cDNA. (B) GAGE1 and SSX2 served as 
control CTA genes. (C) The expression of six testis-restricted CT genes appears to remain silenced 
even after treatment with different concentrations of TSA. 
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Figure 4.3. The effect of co-treatment of 5-AZA-CdR with TSA on testis-restricted genes 
expression in HCT116 cancer cell line. Agarose gels showing the expression of six testis-restricted 
genes after treatment of HCT116 cells with a range of concentrations of 5-AZA-CdR (0.1, 0.5, 1.0, 5.0, 
10.0 and 15.0 µM) and 300 nM TSA for 48 hours. Untreated HCT116 cells were used to compare with 
treated cells and a testis sample served as a positive control. (Control HCT116 cells were treated with 
DMSO since this was the solvent used for the 5-AZA-CdR solution.) (A) β-Actin served as a positive 
control for the cDNA. (B) GAGE1 and SSX2 served as control CTA genes. (C) Six testis-restricted CT 
genes appear to remain silenced with exception of IQCF3 gene which has significant expression. 
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Figure 4.4. The effect of 5-AZA-CdR on testis-restricted genes expression in SW480 cancer cell 
line. Agarose gels showing the expression of six testis-restricted genes after treatment of SW480 cells 
with a range of concentrations of 5-AZA-CdR (0.1, 0.5,1,5,10 and 15 µM) for 48 hours (on the left) or 72 
hour (on the right). Untreated SW480 cells were used to compare with treated cells and a testis sample 
served as a positive control. Control SW480 cells were treated with DMSO since this was the solvent 
used for the 5-AZA-CdR solution. (A) β-Actin served as a positive control for the cDNA. (B) GAGE1 and 
SSX2 served as control CTA genes. (C) DDX4 and IQCF3 were activated after cell treatment for 72 hours 
whereas four other genes, ARRDC5, C4orf17, NT5C1B and TMEM202, remained silenced.  
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Figure 4.5.  The effect of TSA on testis-restricted genes expression in SW480 cancer cell line. 
Agarose gels showing the expression of six testis-restricted genes after treatment of SW480 with a 
range of concentrations of TSA (150 nM, 300 nM and 600 nM) for 24 hours. Untreated SW480 cells 
were used to compare with treated cells and a testis sample served as a positive control. Control 
SW480 cells were treated with DMSO since this was the solvent used for the TSA solution. (A) β-Actin 
served as a positive control for the cDNA. (B) GAGE1 and SSX2 served as control CTA genes. (C) Only 
IQCF3 showed significant expression after TSA treatment, whereas the five other testis-restricted 
genes remained silenced.  

 



Chapter 4.0  Results 

126 
 

 

 

Figure 4.6. The effect of co-treatment of 5-AZA-CdR with TSA on testis-restricted genes 
expression in SW480 cancer cell line. Agarose gels showing the expression of six testis-restricted 
genes after SW480 cells treatment with range of concentration of 5-AZA-CdR (0.1, 0.5,1.0,5.0,10.0 and 
15.0 µM) with 300 nM TSA for 48 hours. Untreated SW480 cells were used to compare with treated 
cells and a testis sample served as a positive control. Control SW480 cells were treated with DMSO 

since this was the solvent used for the 5-AZA-CdR and TSA solutions. (A) β-Actin served as a positive 
control for the cDNA. (B) GAGE1 and SSX2 served as control CTA genes (C) Five testis-restricted CT 
genes showed no induction following co-treatment with 5-AZA-CdR with TSA; only the IQCF3 gene 
showed significant expression. 
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4.2.3 The influence of 5-AZA-CdR and/or TSA inhibitors on the expression 

of potential cancer/testis-restricted genes in HCT116 cancer cells 

Here, 5 potential novel cancer/testis-restricted CT genes which were previously published by 

Feichtinger et al. (2012a) as well as two genes, ODF4 and TDRD12, identified in Chapter 3.0, 

were analysed using RT-PCR in both untreated colorectal cancer cells and cells treated with 

5-AZA-CdR and/or TSA inhibitors. The expression profiles of these genes are restricted to 

human germ lines and are observed in several types of cancer cells (Table 4.1). The aberrant 

expression of these genes remains poorly understood; however, epigenetic alteration-

particularly DNA hypomethylation and histone modification-were described as regulators of 

CTA gene expression (reviewed in Fratta et al., 2011).    

The RT-PCR analysis of seven CT  genes in HCT116 cells treated with 5-AZA-CdR showed four 

genes that were apparently activated by DNA hypomethylation, whereas the expression of 

the other 3 genes were not affected (Figure 4.7). STRA8 and TDRD12 showed strong bands 

after cell treatment with 0.1 to 15 µM 5-AZA-CdR for 48 or 72 hours. The level of band 

intensity of STRA8 and TDRD12 were similar to that observed for testis control. The 

expressions of C17orf98 and SMC1β were influenced by the 5-AZA-CdR concentration as well 

as the time course. SMC1β displayed faint bands after cells were treated with 0.1 to 15 µM 

5-AZA-CdR for 72 hours. The expressions of the ODF4, PRDM7 and PRDM9 genes were not 

influenced by 5-AZA-CdR, despite the use of different concentrations and short and long 

courses of the drug. 

The possibility that histone deacetylation could influence the expression of CTA genes was 

addressed by performing RT-PCR validations in HCT116 cells treated with TSA. Only one of 

the 7 genes showed activation treatment of cells with 150, 300 and 600 nM TSA (Figure 4.8). 

This result suggests that STRA8 can be expressed through both DNA demethylation and 

histone deacetylation in HCT116 cells. Expressions of ODF4, PRDM7 and PRDM9 were not 

observed either under the influence of DNA hypomethylation or histone alterations; 

however, C17orf98, SMC1β and TDRD12 showed re-expression following DNA 

hypomethylation.  
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The potential for a combination of  5-AZA-CdR and TSA treatments to stimulate the 

expression of CTA genes was evaluated by analysing these genes using RT-PCR in HCT116 

cells co-treated with  5-AZA-CdR (0.1, 0.5, 1.0, 5.0, 10.0 and 15.0 µM) and 300 nM TSA for 48 

hours. The C17orf98, ODF4, PRDM7, PRDM9 and SMC1β genes showed no expression in 

these co-treated cells, whereas STRA8 and TDRD12 appeared to be activated, as indicated by 

strong band intensity for STRA8 and moderate intensity for TDRD12 (Figure 4.9). The data 

indicated that treatment HCT116 cells with TSA in combination with 5-AZA-CdR prevented 

the expression of C17orf98 and SMC1β. Also, co-treatment of HCT116 cells reduced the 

expression of TDRD12 as well as the SSX2 positive control gene. The PCR products of these 

genes were sequenced to ensure the correct gene had been amplified; the results of the 

sequencing are shown in Table 4.2.   

4.2.4 The influence of 5-AZA-CdR and/or TSA inhibitors on the expression 

potential cancer/testis-restricted genes in SW480 cancer cells 

ODF4, PRDM7 and PRDM9 were expressed in several cancer cells/tissues (Table 4.1); but 

these genes were not expressed in HCT116 cells treated with epigenetic inhibitors. On the 

other hand, the genes C17orf98, SMC1β, STRA8 and TDRD12 from a similar category were 

induced after HCT116 cells were treated with a DNA hypomethylation inhibitor. We asked 

whether these genes might have different behaviour patterns after epigenetic drug 

treatment in SW480 cells. The results supported the idea that these genes might have 

different patterns in the same type of cancer; for example, PRDM9 was expressed only in 

one colorectal cell line (LoVo) and remained silent in 5 cancer cell lines/tissues (Feichtinger et 

al., 2012a).  

The RT-PCR profile of seven CTA genes in SW480 cells treated with  5-AZA-CdR revealed five 

genes that were apparently activated by DNA hypomethylation, whereas expression of two 

genes was unaffected (Figure 4.10). TDRD12 was expressed after treatment of SW480 cells 

with 0.5 to 15 µM 5-AZA-CdR for 48 or 72 hours. The level of band intensity of TDRD12 was 

similar to that in the testis, particularly after 72 hours at high treatment doses. The STRA8 

gene was activated and showed faint to moderate band intensity after cells were incubated 

with high treatment doses for 48 or 72 hours. The C17orf98, PRDM9 and SMC1β genes 
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showed weak expression after 72 hours treatment. The data suggest that treatment of 

SW480 cells with 5-AZA-CdR may restore the expression of PRDM9 while the same treatment 

doses and incubation times could not restore expression of this gene in HCT116 cells.  

The band intensities of STRA8 and SMC1β in SW480 cells treated with 5-AZA-CdR were lower 

than in treated HCT116 cells.  The STRA8 and SMC1β expression was also not activated in 

SW480 cells treated with low doses. PRDM7 showed a faint band in untreated SW480 cells 

and ODF4 remained silenced; neither gene showed a significant response to 5-AZA-CdR 

treatment in either SW480 or HCT116 cells, even when different doses of 5-AZA-CdR and 

short and long course treatments were used.  

Two of the 7 genes were activated after treatment of SW480 cells with TSA inhibitor (Figure 

4.11). C17orf98 and STRA8 expressions were slightly activated with 600 nM TSA, while the 

other five genes showed no expression. This result suggests that STRA8 can be expressed 

through histone deacetylation in both HCT116 and SW480 cells but the expression in HCT116 

cells appeared to be stronger. Also, C17orf98 was expressed with a faint band in SW480 cells 

treated with TSA but not in treated HCT116 cells. The data suggest that the expressions of 

ODF4, PRDM7, PRDM9 and SMC1β are not induced in either HCT116 or SW480 cells by 

histone alterations.  

In addition, co-treatment of SW480 cells with 5-AZA-CdR and TSA did not promote 

expression of ODF4 and PRDM7 whereas 5 genes were influenced in their expression (Figure 

4.12). The expression of ODF4 and PRDM7 was not influenced by 5-AZA-CdR and/or TSA. 

C17orf98, PRDM9 and SMC1β were expressed as faint bands particularly at high treatment 

doses. This result indicates that the expression of PRDM9 could be activated through co-

treatment of SW480 cells but not in HCT116 cells. STRA8 and TDRD12 showed activation, 

with strong band intensity for TDRD12 and moderate for STRA8. The PCR products of these 

genes were sequenced to ensure the correct gene had been amplified and the results of the 

sequencing are shown in Table 4.2.   
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Figure 4.7. The effect of 5-AZA-CdR on the potential cancer/testis-restricted genes expression in 
HCT116 cancer cell line. (A) β-Actin serves as positive control of the cDNA. (B) GAGE1 and SSX2 serves 
as control CTA genes. (C) The STRA8 and TDRD12 genes appear to be activated with strong expression, 
whereas C17orf98 and SMC1β show moderate expression after treatment of HCT116 cells with 5-AZA-
CdR. ODF4, PRDM7 and PRDM9 genes show no expression in response to the methylation treatment.  
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Figure 4.8. The effect of TSA on the potential cancer/testis-restricted genes expression in 
HCT116 cancer cell line. (A) β-Actin serves as positive control of the cDNA. (B) GAGE1 and SSX2 serves 
as control of CTA genes. (C) The expression of seven CTA genes remained silenced after TSA treatment, 
with exception of the STRA8 gene which showed significant expression after treatment with 150, 300 
and 600 nM TSA. 

 



Chapter 4.0  Results 

132 
 

 

 

 

Figure 4.9. The effect of co-treatment with 5-AZA-CdR and TSA on potential cancer/testis-
restricted genes expression in HCT116 cancer cell line. (A) β-Actin serves as positive control of the 
cDNA. (B) GAGE1 and SSX2 serves as control of CTA genes. (C) STRA8 and TDRD12 genes appear to be 
activated with strong expression whereas C17orf98, ODF4, PRDM7, PRDM9 and SMC1β genes show no 
expression after co-treatment of HCT116 cells with 5-AZA-CdR and TSA. 
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Figure 4.10. The effect of 5-AZA-CdR on expression of potential cancer/testis-restricted genes in 
SW480 cancer cell line. (A) β-Actin served as a positive control of the cDNA. (B) GAGE1 and SSX2 
served as control CTA genes. (C) TDRD12 expression showed stronger bands than STRA8 gene 
expression. C17orf98, PRDM9 and SMC1β were expressed with weak expression after for a 72 hour 
treatment. The ODF4 and PRDM7 genes showed no significant response to 5-AZA-CdR treatment. 
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Figure 4.11. The effect of TSA on the potential cancer/testis-restricted genes expression in 
SW480 cancer cell line. (A) β-Actin served as a positive control for the cDNA. (B) GAGE1 and SSX2 
served as control CTA genes (C) C17orf98 and STRA8 were slightly activated by a 600 nM TSA 
treatment. All five other genes showed no expression after TSA treatment. 
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Figure 4.12. The effect of co-treatment of 5-AZA-CdR with TSA on potential cancer/testis-
restricted genes expression in SW480 cancer cell line. (A) β-Actin served as a positive control for the 
cDNA. (B) GAGE1 and SSX2 served as control CTA genes. (C) Co-treatment activated the expression of 
five genes C17orf98, PRDM9 and SMC1β, STRA8 and TDRD12. The ODF4 and PRDM7 genes showed no 
significant expression after cell treatment.  
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4.2.5 The influence of 5-AZA-CdR and/or TSA inhibitors on the expression 

of cancer/testis-CNS-restricted genes in HCT116 cancer cells 

Here, two cancer/testis-CNS restricted genes which were previously published by Feichtinger 

et al. (2012a), as well as the SEPT12 gene identified in Chapter 3.0, were analysed using RT-

PCR in both untreated colorectal cancer cells and in cells treated with 5-AZA-CdR and/or TSA 

inhibitors. The expression profiles of these genes are restricted to human germ lines, CNS, 

and several cancer cell types (Table 4.1).   

C20orf201, SEPT12 and SYCP1 were activated in HCT116 cells treated with the 5-AZA-CdR 

inhibitor with faint band expression (Figure 4.13). C20orf201 was expressed with moderate 

band intensity for most of the treatment doses after 48 hours but gene expression was noted 

at low doses (0.1, 0.5 and 1.0 µM) after incubation for 72 hours. These data suggest that 

using high concentrations of 5-AZA-CdR for 72 hours may prevent the expression of 

C20orf201. However, SEPT12 and SYCP1 were activated with 0.5 to 15 µM of 5-AZA-CdR at 

48 or 72 hours.   

The C20orf201, SEPT12 and SYCP1 genes were analysed in treated HCT116 cells with TSA 

inhibitor using RT-PCR (Figure 4.14). No significant expression was evident for C20orf201 and 

SYCP1 after treatment but SEPT12 showed some expression in cells treated with 600 nM TSA 

for 24 hours. 

In addition, SEPT12 and SYCP1 showed some activation in the co-treated HCT116 cells 

whereas, no expression of C20orf201 was observed at all concentration (Figure 4.15).  The 

data suggest that co-treatment of HCT116 cells with 5-AZA-CdR and TSA prevented the 

expression of C20orf201 and SYCP1 which were activated by 5-AZA-CdR treatment only. 

SEPT12 showed faint expression after treatment with 1 and 5 µM 5-AZA-CdR in combination 

with 300 nM TSA. The PCR products of these genes were sequenced to ensure the correct 

gene had been amplified and the results of the sequencing are shown in Table 4.2.    

 

 

 

 



Chapter 4.0  Results 

137 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. The effect of 5-AZA-CdR on the cancer/testis-CNS restricted genes expression in 
HCT116 cancer cell line. (A) β-Actin served as positive control for the cDNA. (B) GAGE1 and SSX2 
served as control CTA genes. (C) The expression of C20orf201, SEPT12 and SYCP1 after treatment of 
HCT116 cells with 5-AZA-CdR for 48 hours (on the left) or 72 hours (on the right).   
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Figure 4.14. The effect of TSA on the cancer/testis-CNS restricted genes expression in HCT116 
cancer cell line. (A) β-Actin served as a positive control for the cDNA. (B) GAGE1 and SSX2 served 
as control CTA genes (C) Treatment with TSA showed no effect on gene expression of C20orf201 
and SYCP1 but the SEPT12 gene showed a slight expression following treatment with 600 nM TSA.    
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Figure 4.15. The effect of co-treatment with 5-AZA-CdR and TSA on cancer/testis-restricted 
genes expression in the HCT116 cancer cell line. (A) β-Actin served as a positive control for the 
cDNA. (B) GAGE1 and SSX2 served as control CTA genes. (C) C20orf201 and SYCP1 showed no 
expression in HCT116 cells co-treated with 5-AZA-CdR and TSA while SEPT12 was induced with weak 
expression. 
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4.2.6 The influence of 5-AZA-CdR and/or TSA inhibitors on the expression 

of cancer/testis-CNS restricted genes in SW480 cancer cells 

 
SW480 cells were treated with 5-AZA-CdR and/or TSA to investigate if C20orf201, SEPT12 

and SYCP1 genes might have similar behaviour to that seen in HCT116 cells treated with 

epigenetic inhibitors. SEPT12 was expressed in SW480 cells and this gene was used to 

investigate if the epigenetic treatments could increase the expression of this gene.   

The RT-PCR profile of C20orf201, SEPT12 and SYCP1 in SW480 cells treated with  5-AZA-CdR 

for 48 or 72 hours showed no significant activation of these genes and no increased band 

intensity for SEPT12 (Figure 4.16), although these genes had been activated in HCT116 cells 

treated with  5-AZA-CdR.  

No significant expression of C20orf201 or SYCP1 was obtained for SW480 cells treated with 

TSA. SEPT12 showed a slight increase in band intensity with a 600 nM TSA treatment (Figure 

4.17).  SEPT12 was also expressed with faint bands after treatment of HCT116 cells with 600 

nM TSA. These data suggest that TSA treatment of HCT116 and SW480 cells could not induce 

the expression of C20orf201 or SYCP1.  

Co-treatment of SW480 cells with 5-AZA-CdR and TSA also had no effect on the expression of 

C20orf201, and SYCP1. These genes were also not activated by co-treatment in HCT116 cells. 

On the other hand, a slight increase in the SEPT12 band intensity was noted after co-

treatment particularly at high concentrations, which was also observed for co-treated 

HCT116 cells (Figure 4.18). The PCR products of these genes were purified and sequenced to 

confirm that the correct DNA sequence was amplified (summary of sequencing, Table 4.2). 
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Figure 4.16. The effect of 5-AZA-CdR on the cancer/testis-CNS restricted genes expression in the 
SW480 cancer cell line. (A) β-Actin served as a positive control of the cDNA. (B) GAGE1 and SSX2 
served as control CTA genes. (C) Treatment of SW480 cells with 5-AZA-CdR resulted in no significant 
activation of C20orf201, SEPT12 and SYCP1 gene expression.  
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Figure 4.17. The effect of TSA on the cancer/testis-CNS restricted genes expression in the 
SW480 cancer cell line. (A) β-Actin served as positive control of the cDNA. (B) GAGE1 and SSX2 
served as control CTA genes. (C) Treatment with TSA showed no effect on gene expression of 
C20orf201 and SYCP1. The SEPT12 gene showed a slight expression after treatment with 600 nM 
TSA but it is expressed even in untreated cells.    
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Figure 4.18. The effect of co-treatment of 5-AZA-CdR with TSA on cancer/testis-CNS-
restricted genes expression in SW480 cancer cell line. (A) β-Actin served as a positive control of 
the cDNA. (B) GAGE1 and SSX2 served as control CTA genes. (C) Co-treatment of SW480 with 5-
AZA-CdR and TSA induced no significant expression of C20orf201 and SYCP1 but a slight increase in 
SEPT12 expression was noted. 
 

 



Chapter 4.0  Results 

144 
 

4.2.7 The expression of CT genes after growth of HCT116 cells in drug free 

culture.   

Two mechanisms were proposed to regulate the expression of CTA genes in cancer cells: 

DNA methylation and histone modification. The DNA methylation inhibitor 5-AZA-CdR was 

shown to activate the expression of several silenced CT genes whereas the histone 

deacetylase inhibitor TSA had little influence on the CT gene expression. Co-treatment of 

cancer cells with 5-AZA-CdR and TSA up-regulated the expression of CT genes more than TSA 

alone (reviewed in De Smet and Loriot, 2013; Whitehurst, 2014).  

In this chapter, DDX4 testis-restricted and C20orf201 CT/CNS-restricted genes were induced 

after HCT116 cells were treated with 5-AZA-CdR. The STRA8 and TDRD12 CTA-restricted 

genes also showed a significant up-regulation after HCT116 cells were treated with 5-AZA-

CdR alone or combined with TSA. Furthermore, STRA8 was influenced by TSA inhibitor 

treatment in both HCT116 and SW480 cells. We next asked whether the expression pattern 

of these genes could still be observed in the HCT116 cell line 9 days after treatment removal.  

Here, HCT116 and SW480 cells were treated with 300 nM TSA for 24 hours. In addition, 

HCT116 cells were treated with 1 µM of 5-AZA-CdR for 48 and 72 hours alone or in 

combination with 300 nM TSA for 48 hours. The effects of 5-AZA-CdR and/or TSA and their 

persistence of the expression of CTA genes was examined by washing the treated cells twice 

with PBS and culturing them in drug-free medium for 3, 6 and 9 days. Total RNA was isolated 

from untreated, DMSO treated, and 5-AZA-CdR and/or TSA treated as well as drug-free 

treated cells after 3, 6 and 9 days.  

The RT-PCR profile of STRA8 indicated that it was silenced in untreated HCT116 and SW480 

cells. The expression of STRA8 was activated after treatment of HCT116 and SW480 cells with 

300 nM TSA for 24 hours. STRA8 expression disappeared after 3 days of cell culture in drug-

free medium (Figure 4.19). These data suggest that the loss of STRA8 expression in both 

cancer cell types may be due to histone acetylation.   
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Figure 4.19. The effect of TSA and the persistence of its effects on expression of STRA8 in 
colorectal cancer cell lines. Two cancer cell lines, HCT116 (on the left) and SW480 (on the right) 
were treated with 300 nM trichostatin (TSA) for 24 hours. Cells were then washed twice with PBS and 
cultured in drug-free medium for 3, 6 and 9 days. RNA was then isolated (from untreated, DMSO 
treated, 300 nM TSA treated, and drug-free treated cells after 3, 6, and 9 days). RT-PCR expression 
profiles of STRA8 were visualised in 1% agarose gels stained with ethidium bromide. (I) Expression of 
β-Actin served as a positive control for the cDNA and GAGE1 and SSX2 served as control CTA genes. 
(II) The expression STRA8 disappeared after 3 days of drug-free growth.  
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However, treatment of HCT116 cells with 5-AZA-CdR induced the expression of 8 genes in 

this study. Only four genes DDX4, TDRD12, STRA8, C20orf201 and control genes GAGE1 as 

well as SSX2 were validated in HCT116 cells treated with 1 µM 5-AZA-CdR for 48 or 72 hours.  

These genes were also analysed in HCT116 cells after 3, 6 and 9 days of drug free growth, as 

well as in cells treated with DMSO as it was the solvent for 5-AZA-CdR (Figure 4.20). STRA8, 

GAGE1 and SSX2 were still being expressed after 3, 6 and 9 days of drug-free growth. These 

data suggested that the transcriptional status of STRA8, GAGE1 and SSX2 may have been 

permanently reversed. Support for this idea comes from a study by Mossman et al., (2010) 

who found that MAGE-A3 was still expressed after 10 days of drug-free growth (Mossman et 

al., 2010). TDRD12 expression was observed at days 3, 6 and 9 of drug-free growth but the 

expression at day 9 was lower than in the treated cells. In addition, the expression of DDX4 

and C20orf201 were induced after cell treatment with 5-AZA-CdR for 48 or 72 hours. This 

activation disappeared after 6 and 9 days of drug-free growth. This result suggested that 

global DNA methylation can lead to gene silencing, which was supported by the findings of 

Mossman et al., (2010), who reported that treatment of HCT116 and SW480 cells with 15 µM 

5-AZA-CdR for 72 hours led to a more than 50% decrease in the global methylation and at 

day 10 of drug-free growth, the level of global methylation increased to reach the level 

before treatment (Mossman et al., 2010). 

The HCT116 cells were also co-treated with 1 µM 5-AZA-CdR and 300 nM TSA to investigate 

the influence of the histone deacetylation in combination with DNA demethylation and the 

persistence of TDRD12 and STRA8 expression (Figure 4.20).  TDRD12 expression was 

displayed at day 3, 6 and 9 of drug-free growth. The expression was decreased after 6 and 9 

days of drug-free treatment. By contrast, STRA8 was still expressed at 3 and 6 days and had 

disappeared at day 9 of drug-free treatment. Both control genes GAGE1 and SSX2 were 

activated after 3, 6 and 9 days of drug-free growth, with a minor decrease in SSX2 expression 

at day 9. The PCR products of these genes were purified and sequenced to confirm that the 

correct DNA sequence was amplified (summary of sequencing, Table 4.2). 
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Figure 4.20. The effect of 5-aza 2ꞌ deoxycytidine and the persistence of expression of potential 
novel CT genes in the HCT116 cancer cell line. HCT116 cells were treated with 1 µM 5-aza 2ꞌ 
deoxycytidine for 48 hours (on the left) or 72 hour (on the right). Cells were then washed twice with 
PBS and cultured in drug-free medium for 3, 6 and 9 days. RNA was isolated (from untreated, DMSO 
treated, 1 µM 5-aza 2ꞌ deoxycytidine treated, and drug-free treated cells after 3, 6 and 9 days). RT-
PCR expression profiles of each gene are visualised in 1% of agarose gel stained with ethidium 
bromide. (I) Expression of the β-Actin gene served as a positive control for the cDNA ; whereas, 
GAGE1 and SSX2 served as control CTA genes.(II) The expression profile of testis-restricted genes 
DDX4 (III) The expression profile of cancer/testis restricted genes; TDRD12 , STRA8. (IV) The 
expression profile of the cancer/testis-CNS restricted C20orf201 gene. 
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Figure 4.21. Comparison of the effects of 5-aza 2ꞌ deoxycytidine and/or a combination with TSA 
and the persistence of TDRD12 and STRA8 expression in the HCT116 cancer cell line. HCT116 
cells were treated with 1 µM 5-aza 2ꞌ deoxycytidine (on the left) or in combination with 300 nM TSA 
(on the right) for 48 hours. Cells were then washed twice with PBS and cultured in drug-free medium 
for 3, 6 and 9 days. RNA was isolated (from untreated, DMSO treated, drugs treated, and drug-free 
treated cells after 3, 6, and 9 days). RT-PCR expression profiles of each gene was visualised in 1% 
agarose gel stained with ethidium bromide. (I) Expression of β-Actin served as a positive control for 
the cDNA, whereas, GAGE1 and SSX2 served as control CTA genes.(II) The expression profile of 
cancer/testis restricted genes; TDRD12 , STRA8.  
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Table 4.2 Summary of gene sequencing results after RT-PCR validation in HCT116 and 
SW480 cells treated with epigenetic inhibitors. 

Gene name  Primer Expected  
Size (bp) 

Approximately 
Sequenced 
product (bp)  

Treated colon cancer 
cells or normal testis 

Sequence 
identity 
obtained 
from NCBI 
blast (%)   

Control genes 
β-Actin F 553 

553 
405 
380 

Testis 
HCT116 

99% 
100% 

GAGE1 F 245 
245 
245 

208 
122 
203 

Testis 

HCT116 (5-AZA-CdR) 
SW480 (5-AZA-CdR) 

99% 
100% 
99% 

SSX2 F 407 
407 
407 

372 
346 
365 

Testis 

HCT116 (5-AZA-CdR) 
SW480 (5-AZA-CdR) 
 

99% 
100% 
99% 

Class 1: testis-restricted genes 
ARRDC5 F 628 521 Testis 99% 
C4orf17 F 628 585 Testis 99% 
DDX4 F 756 

756 
500 
387 

Testis 

HCT116 (5-AZA-CdR) 
100% 
100% 
 

IQCF3 F 
F 

356 
356 

303 
314 

Testis 

HCT116 (5-AZA-CdR & 
TSA) 

99% 
100% 

NT5C1B F 647 601 Testis 100% 
TMEM202 F 629 447 Testis 100% 

Class 2: cancer/testis-restricted genes 
C17orf98 F 394 

394 
354 
311 

Testis 

HCT116 (5-AZA-CdR) 
100% 
100% 

ODF4 F 602 258 Testis 99% 

PRDM7 F 602 201 Testis 100%  PRDM7 
97%  PRDM9 

PRDM9 F 655 
 
655 

604 
 
536 

Testis 
 

SW480  (5-AZA-CdR & 
TSA) 

99% PRDM9 
97% PRDM7 
100% PRDM9 
97% PRDM7 

SMC1β F 368 
368 

332 
316 

Testis 

HCT116 (5-AZA-CdR) 
99% 
100% 

STRA8 F 723 
723 

121 
153 

HCT116 (5-AZA-CdR) 
SW480 (5-AZA-CdR) 

100% 
99% 
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TDRD12 F 641 
641 

308 
371 

Testis 

HCT116  with  5-AZA-CdR  
100% 
99% 

F 641 141 SW480  with  5-AZA-CdR 100% 

Class 3: cancer/testis-CNS restricted genes 

C20orf201 F 505 
505 

373 
298 

Testis 

HCT116 (5-AZA-CdR) 
99% 
100% 

SEPT12 F 608 
608 

553 
351 

Testis 

HCT116 (5-AZA-CdR & 
TSA) 
 

99% 
99% 

SYCP1 F 645 
645 

260 
125 

Testis 

HCT116 with  5-AZA-CdR 

100% 
100% 
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4.3 Discussion and Conclusions 

Epigenetic mechanisms play an important role in the regulation of the expression of CTA 

genes via DNA methylation and histone modifications to maintain the transcriptional state. 

These two features, and particularly global DNA hypomethylation, commonly disrupt the 

expression of CTA genes in cancer cells. (De Smet et al., 1999; De Smet and Loriot, 2013; 

Whitehurst, 2014). The reversible nature of the epigenetic alteration has led to development 

of epigenetic drugs which are being tested as therapeutic agents against cancers (Sharma et 

al., 2010). The use of epigenetic drugs such as the DNA hypomethylation inhibitor 5-AZA-CdR  

can increase the number of CTA genes expressed in tumours, which can be recognised as 

non-self by the immune system and thereby have application in cancer immunotherapy (De 

Smet and Loriot, 2013). In this chapter, we investigated the effect of DNA demethylation 

and/or histone deacetylation on the expression of 16 candidate CT genes. In addition, the 

influence of “DNA re-methylation” was examined by the growing treated cells in drug-free 

medium for up to 9 days.    

4.3.1 Predicted CpG islands upstream of CTA genes 

Treatment of HCT116 and SW480 cells with 5-AZA-CdR and/or TSA appears to induce the 

expression of 10 of the 16 candidate CTA genes. Two of the 6 genes from class 1 testis-

restricted genes; 5 of 7 genes from class 2 cancer/testis-restricted genes; and 3 of 3 genes 

from class 3 cancer/testis-CNS restricted genes were activated after cell treatment with 

epigenetic inhibitors (Figure 4.22).   

The sensitivity of CTA genes to epigenetic modulator inhibitors, and particularly methylation 

drugs, might be due to their CpG-rich islands which are frequently found in their promoter 

regions (De Smet et al., 1999; De Smet and Loriot, 2013). In contrast, genes with a low 

density of CpG islands in their promoter regions are little effected by DNA methylation which 

frequently displays an inconstant relationship between transcriptional silencing and 

promoter methylation (Boyes and Bird, 1992; De Smet and Loriot, 2013). 

CpG sites are genomic regions of DNA at least 200 bp long and containing greater than 50% 

of G:C content and an observed/expected ratio of CpG greater than 0.60 (Gardiner-Garden 

and Frommer, 1987). Takai and Jones (2002) defined CpG islands as genomic DNA greater 
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than 500 bp long and containing at least 55% G:C content and with an observed/expected 

ratio of more than 0.65 (Takai and Jones, 2002).   Several websites and software programs 

were designed following these criteria to predict the CpG sites which are usually found near 

the transcription start site (TSS) (± 1500 bp from TSS). The UCSC Genome Browser 

bioinformatics website (https://genome.ucsc.edu/; Gardiner-Garden and Frommer, 1987) 

was used to predict the CpG islands of the 16 CTA genes in this study. Six out of 16 genes 

showed rich CpG islands, whereas 10 genes did not show any CpG islands based on the 

Gardiner-Garden and Frommer (1987) criteria or are still not documented (Table 4.3.). 

4.3.1.1 CpG island prediction and epigenetic control of testis-restricted gene 

expression  

Different expression patterns were observed for CTA genes from the same categories after 

the epigenetic inhibitor treatment. DDX4 was expressed giving moderate RT-PCR band 

intensity in HCT116 and SW480 cells treated with 5-AZA-CdR (Figure 4.22). The data shown in 

Table 4.3 suggest that the induction of DDX4 expression may due to the CpG islands 

upstream of the DDX4 promoter region with 299 bp size and containing 30 CpG 

dinucleotides.   

By contrast, IQCF3 may be slightly affected by treatment of HCT116 and SW480 cells with the 

5-AZA-CdR inhibitor as it shows very weak expression band intensity. The intensity of the 

bands was increased by co-treatment of the cells with 5-AZA-CdR and TSA. IQCF3 showed 

different behaviour by its expression in SW480 cells and lack of expression in HCT116 cells 

after treatment with TSA under the same conditions (Figure 4.22).  Searching for CpG islands 

upstream of IQCF3 using the Gardiner-Garden and Frommer, (1987) criteria did not reveal 

any CpG islands. A study by Suzuki et al.(2002) using a microarray approach showed that 

treatment of colon cancer cells with TSA inhibitor alone induced the expression of a class of 

genes that lack CpG island methylation. In contrast, densely methylated genes could not be 

activated with only TSA treatment but required the AZA-CdR pre-treatment (Suzuki et al., 

2002).  

Expression of 4 genes, ARRDC5, C14orf17, NT5C1B and TMEM202, was not induced after the 

cell treatments. Analysis of the TSS upstream of these genes showed only ARRDC5 has a rich 

https://genome.ucsc.edu/
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CpG island of approximately 234 bp size and 18 CpG dinucleotides (Table 4.3). However, 

ARRDC5 did not show re-expression after DNA hypomethylation and/or histone 

deacetylation, which suggested that perhaps another mechanism is controlling of the 

expression of these genes. However, a great effect was seen in the gene expression of the 

positive CT genes GAGE1 and SSX2. GAGE1 showed strong expression following treatment 

with AZA-CdR alone or with TSA in both HCT116 and SW480 cells. The SSX2 gene also 

showed strong expression after AZA-CdR treatment in both cell types but co-treatment with 

TSA decreased their expression level. Both of these genes are located on chromosome X, 

which is known to be inactivated in females through epigenetic regulation (Gartler and 

Goldman, 2005). The activation of GAGE1 and SSX2 is not surprising as several CTA genes, 

such as MAGE-A3 located in chromosome X, are activated through the DNA methylation due 

to their CpG-rich promoter regions (De Smet et al., 1999). The CpG island map predicted 34 

CpG dinucleotides near the TSS of GAGE1 of about 485 bp in length. The CpG island of SSX2 

seems not be documented in UCSC Genome Browser and other websites (Smith et al., 2011).  

4.3.1.2 CpG island prediction and epigenetic control of cancer/testis-restricted 

gene expression 

Five of 7 genes from class 2 cancer/testis-restricted genes showed expression following 

epigenetic inhibitor treatment. Two genes, ODF4 and PRDM7, were previously found to be 

expressed in more than one cancer type (Table 4.1). Treatment of HCT116 and SW480 cells 

with 5-AZA-CdR and/or TSA did not activate the expression of these genes, with the 

exception of PRDM7 which is expressed in SW480 cells normally. Based on the USCU CpG 

islands Browser search results, ODF4 and PRDM7 did not appear to have CpG islands 

upstream of their TSS using Gardiner-Garden and Former (1987) criteria. This may suggest 

that these genes are poor in CpG islands or that the CpG islands of these genes are still not 

documented. However, the absence of expression of these genes after treatment of HCT116 

and SW480 cells may indicate that these genes lack rich CpG islands and their aberrant 

expression in cancer cells may due to unknown mechanisms (Figure 4.22).        

The expressions of the C17orf98, SMC1β and PRDM9 genes were also previously reported in 

several types of cancers (Table 4.1) (Feichtinger et al., 2012a). Treatment of HCT116 and 
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SW480 cells with 5-AZA-CdR or co-treatment with TSA activated the expression of C17orf98 

and SMC1β with moderate band intensity. PRDM9 was expressed only after SW480 cells 

were treated with 5-AZA-CdR and displayed very weak band intensity (Figure 4.22). A search 

for CpG dinucleotides near the TSS of C17orf98, SMC1β and PRDM9 did not predict rich CpG 

islands. These data may suggest that the CpG islands of these genes are not yet documented 

or the poor expression is due to the low density of CpG islands in their promoter regions. It 

has been proposed that CTA genes with poor CpG regions are little effected by DNA 

methylation which frequently displays an inconstant relationship between transcriptional 

silencing and promoter methylation (Boyes and Bird, 1992; De Smet and Loriot, 2013). 

STRA8 and TDRD12 displayed expression with strong band intensity in HCT116 cells treated 

with 5-AZA-CdR or with TSA, whereas SW480 cells treated with 5-AZA-CdR or with TSA led to 

strong induction of TDRD12 and moderate activation of STRA8. STRA8 expression was also 

affected by TSA treatment alone in both HCT116 and SW480 cells, while TDRD12 remained 

silenced (Figure 4.22).  Searching for CpG islands upstream of the TDRD12 and STRA8 

promoter regions showed that two CpG islands are predicted in the TSS of both TDRD12 and 

STRA8 Table 4.3. In TDRD12, a rich CpG island 586 bp in size containing 56 CpG dinucleotides 

was predicted and the other was 299 bp long and contained 28 CpG dinucleotides. STRA8, in 

contrast, has two CpG islands 335 and 451 bp long containing 28 and 42 CpG dinucleotides, 

respectively. This observation may indicate clear evidence that DNA hypomethylation leads 

to activation of TDRD12 and STRA8 because of their CpG-rich islands. However, to address 

whether these genes are activated due to DNA hypomethylation, methylation-specific PCR 

(MSP) should be performed to assess the methylation status of CpG islands (Herman et al., 

1996).       

4.3.1.3 CpG island prediction and epigenetic control of cancer/testis-CNS 

restricted gene expression 

The expression of C20orf201, SEPT12 and SYCP1 was activated with moderate band intensity 

after treatment of HCT116 or SW480 cells with epigenetic inhibitors (Figure 4.22). C20orf201 

was expressed in HCT116 cells treated with 5-AZA-CdR alone. This gene expression was not 

observed following co-treatment of HCT116 cells or with TSA treatment alone. No expression 
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of this gene was seen in SW480 cells treated with 5-AZA-CdR and/or TSA. C20orf201 has a 

rich CpG island 998 bp long and containing 123 CpG dinucleotides near to the TSS (Table 4.3).  

However, this gene consists of rich CpG dinucleotides in the promoter region and was not 

activated in treated SW480 cells, which suggested that another mechanism controls the 

expression of the gene. Expression of SYCP1 was induced in HCT116 cells treated with 5-AZA-

CdR only and no expression was observed in treated SW480 cells. The CpG island map 

predicted 37 CpG dinucleotides at the SYCP1 TSS with an approximate size of 494 bp. The 

lack of expression of SYCP1 in treated SW480 and the re-expression in HCT116 after DNA 

hypomethylation treatment suggest that perhaps this control occurs via another mechanism 

in SW480 cells. The SYCP1 gene seems to have a CpG-rich region in the TSS, more 

investigation of this gene is needed.  SEPT12 was also expressed in HCT116 cells after 

treatment with 5-AZA-CdR and the gene was expressed in untreated SW480 cells. Searching 

for the CpG dinucleotides at the TSS of SEPT12 did not show any CpG-rich islands. 

4.3.2 The influence of epigenetic inhibitors on CTA gene expression after 9 

days of drug-free growth 

STRA8 was the only gene expressed with moderate band intensity after treatment of HCT116 

and SW480 cells with TSA drugs. This gene expression was no longer observed after 3 days of 

drug-free growth (Figure 4.19). The TSA inhibitor is known as an anti-cancer drug which 

causes accumulation of acetylated histones through inhibition of histone deacetylase 

(Yoshida et al., 1990; Mossman et al., 2010). The process of histone acetylation followed by 

TSA on the CTA genes is not well documented. However, it was reported to have a synergistic 

effect with 5-AZA-CdR in activation of silenced gene expression in cancer cells (Cameron et 

al., 1999; Mossman et al., 2010). 

Based on the quantitative PCR of HCT116 and SW480 cells treated with 5-AZA-CdR followed 

by culture in drug-free medium for 10 days, Mossman and Scott, (2011) classified the gene 

expression to different classes. (i) Long term reactivated (which show no expression in 

untreated but expression after 4 and 10 days) ; (ii) short term reactivated (which are not 

expressed after 4 days); and (iii) always-expressed (which are expressed at all-time points)  

(Mossman and Scott, 2011).  Here, TDRD12, STRA8 and the control genes GAGE1 and SSX2 
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were expressed 9 days after the treatment with 5-AZA-CdR. Based on their expression in 

HCT116 cells treated with 5-AZA-CdR, these genes can be classified as long term reactivated 

genes. However, DDX4 and C20orf201 showed no expression after 3 days of treatment and 

can be classified as short term reactivated genes (Figure 4.20). In addition, co-treatment with 

5-AZA-CdR and TSA resulted in faint expression of TDRD12 at day 9 of the drug-free 

treatment whereas STRA8 had disappeared by day 6. GAGE1 was always expressed in co-

treatment while the expression level of SSX2 was reduced after 6 and 9 days of drug-free 

growth (Figure 4.23).   

In summary, our results showed that some CTA genes were activated after 5-AZA-CdR 

treatment and others were not. Activation does not always rely on DNA hypomethylation, so 

methylation-specific PCR (MSP) and/or bisulphite sequencing PCR (BSP) are required to 

confirm this finding. MSP and BSP are designed to distinguish between the methylated and 

unmethylated CpG sites. In addition, HCT116 cells have been reported to harbour epigenetic 

alterations and one of the colon cancer lines most affected by 5-AZA-CdR treatment, which 

may explain the expression of several CTA genes in that cell line (Mossman et al., 2010; 

Ikehata et al., 2012) . Further investigations of these genes are required in other cancer cell 

lines to confirm this result and quantitative qPCR should be used to determine the effect of 

co-treatment on gene expression.    
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Figure 4.22. Grid representation of the effect of 5-AZA-CdR and/or TSA on potential novel CT genes 
in colorectal cancer cell lines. Two cancer cell lines, HCT116 (on the left) and SW480 (on the right) were 

treated with different concentrations of 5-AZA-CdR and/or TSA. Untreated and DMSO treated cells were 
used to assess the effect of treatment on gene expression. In the grid, each column represents the 
concentration of treatment and the incubation time, while gene expression is represented in the rows. RT-
PCR expression profiles of each gene is visualised in 1% of agarose gel stained with ethidium bromide. The 
intensity of the bands are graded with different shades of purple colour (see the key at the top left) (+) is 
weak intensity band and (+++++) is strong intensity band. In the grid, (I) Expression of β-Actin gene shows 
the positive control of the cDNA samples, and the profile expression of previously known CT genes GAGE1 
and SSX2.(II) The expression profile of testis-restricted genes; ARRDC5, C4orf17, DDX4, IQCF3, NT5C1B and 
TMEM202. (III) The expression profile of cancer/testis restricted genes; C17orf98, ODF4, PRDM7, PRDM9, 
SMC1β, STRA8 and TDRD12. (IV) The expression of testis/CNS restricted genes; C20orf201, SEPT12 and 
SYCP1.  
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Table 4.3. Predicted CpG islands upstream of the potential novel CT antigen genes.  

Gene Chromosome  
location 

CpG island 
length 
 (bp) 

CpG 
count 

% CpG %C or G  Ratio of 
observed 
to 
expected  

Positive control gene 
GAGE1 Xp11.23 485 34 14.0 67.6 0.63 

Class 1: testis-restricted genes 
ARRDC5 19p13.3 234 18 15.4 62.4 0.80 
DDX4 5q11.2 299 30 20.1 63.5 1.01 

             Class 2 : cancer/testis-restricted genes 
STRA8 7q33 

 
335 
451 

28 
42 

16.7 
18.6 

65.1 
68.7 

 0.81 
0.79 

TDRD12 19q13.11 586 
299 

56 
28 

19.1 
18.7 

72.7 
70.2 

 0.73 
 0.76 

                     Class 3 : cancer/testis-CNS-restricted genes 
C20orf201 20q13.33 998 123 24.6 72.7  0.94 
SYCP1 1p13.2 494 37 15.0 59.3 0.86 
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Figure 4.23. Grid representation of the effect of 5-AZA-CdR and/or combination with TSA and 
the persistence of TDRD12 and STRA8 expression in the HCT116 colorectal cancer cell line. 
HCT116 cells treated with 1 µM 5-AZA-CdR for 48 hours (A) or for 72 hours (B) or in combination with 
300 nM TSA for 48 hours (C). Each column in the grid represents the positive control (testis), untreated 
cells, DMSO treated, drug treatment and drug-free treatment after 3, 6 and 9 days, while gene 
expressions are represented in the rows. RT-PCR expression profiles of each gene are visualised in 1% 
of agarose gel stained with ethidium bromide. The intensity of the bands are graded with different 
shades of purple colour (see the key at the top left) (+) is a weak intensity band and (+++++) is a strong 
intensity band.  In the grid, (I) Expression of the β-Actin gene is the positive control for the cDNA 
samples, and the expression profile of previously known CT genes GAGE1 and SSX2. (II) The expression 
profile of cancer/testis restricted genes; TDRD12 and STRA8.  
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Chapter 5.0 Identification and analysis the 

biological role of PRDM9 in cancer cells 

5.1 Introduction 

The PRDM protein family is characterised by the presence of a conserved N-terminal PR 

domain followed by variable number of zinc-finger repeats that mediate specific DNA 

sequencing binding and protein-protein interaction (reviewed in Fumasoni et al., 2007; Fog 

et al., 2012). The PR domain was initially characterised in PRDM1 (positive regulatory domain 

binding factor-1; PRDI-BF-1) and PRDM2 (retinoblastoma protein-interacting zinc finger 1; 

RIZ1).  This domain shares high homology with the catalytic SET domains (Suppressor of 

variegation 3-9, Enhancer of zeste and Trithorax) that characterise of a group of histone 

methyltransferases (HMTs) (reviewed in Fog et al., 2012; Hohenauer and Moore 2012; Di 

Zazzo et al., 2013). 

The molecular mechanism of some zinc finger proteins was identified to be involved in a 

range of developmental processes. These proteins play critical roles in transcriptional 

regulators of cellular differentiation and maturation (Hohenauer and Moore, 2012). Some of 

the PRDM proteins, such as PRDM1 (Karube et al., 2011), PRDM2 (Steele-Perkins et al., 2001; 

Kim, Geng and Huang, 2003), PRDM5 (Shu et al., 2011) and PRDM12 (Reid and Nacheva, 

2003), act as tumour suppressors. For example, inactivation of PRDM1 can lead to natural 

killer cell lymphoma (Karube et al., 2011) as well as diffused large B cell lymphoma 

(Mandelbaum et al., 2010). Other PRDMs such as PRDM3 (Morishita, 2007; Koos et al. 2011), 

PRDM13 (Behrends et al., 2003) and PRDM14 (Nishikawa et al., 2007) are also oncogenic. For 

instance, PRDM14 is overexpressed frequently in breast cancers (Nishikawa et al., 2007) and 

can initiate lymphoid leukaemia (Dettman et al., 2011).  

PRDM7 and PRDM9 are the only members of this family that have expression restricted to 

germ cells entering meiotic prophase (Hayashi et al., 2005). PRDM9 is involved in regulation 

of meiotic recombination hotspots (Baudat et al., 2010; Myers et al., 2010; Parvanov et al., 

2010). In mice, disruption of Prdm9 -/- directly regulates the expression of the testis-specific 
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RIK gene (also known as Morc2b). This indicates that PRDM9 (Meisetz in mouse) can also 

play a critical role as a transcriptional factor that regulates meiotic genes (Hayashi et al., 

2005).  

RT-PCR analysis demonstrated that overexpression of PRDM9 is expressed in different cancer 

cell lines but not in normal human tissues other than the testis (Feichtinger et al., 2012a) . In 

addition, PRDM9 protein has been detected in the NTERA-2 cancer cell line but not in normal 

prostate tissues, suggesting this gene as a potential CT antigen biomarker (Feichtinger et al., 

2012a). Another recent study found an excess of a rare allele of PRDM9 linked with 

development of childhood leukaemogenesis as well as genomic rearrangements (Hussin et 

al., 2013). 

The main aim of this chapter was to investigate the in vivo biological roles of PRDM9 in 

cancer cells. The goals were to identify the relationship between PRDM9 and the paralogous 

gene PRDM7 as well as the human orthologues of Rik (Morc2b). Cancer cell lines were also 

investigated for localisation (nuclear or cytoplasmic) of the PRDM9 protein, as well as for the 

effect of gene knockdown on cell survival. Finally, the role of PRDM9 as a transcription factor 

was investigated by gene overexpression in a HeLa Tet-on 3G system.     
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5.2 Results 

5.2.1 Comparison of PRDM9 and PRDM7 expression in normal and cancer 

tissues 

PRDM7 has been reported to arise from a PRDM9 duplication segment and undergoes 

marked structural rearrangements in human. Both genes show high frequency similarity in 

their DNA sequencing, but a decreased number of encoded zinc fingers occurs in PRDM7 

(Fumasoni et al., 2007). Both genes consist of the PR/SET domain in addition to the KRAB 

(Kruppel-association box) protein-protein binding domain, which is lacking in the other 

family members (Figure 5.1) (Birtle and Ponting, 2006; Oliver et al., 2009).  

The expression of PRDM7 and PRDM9 was compared by designing two sets of internal RT-

PCR primers to distinguish the expression patterns of these genes in normal and cancer 

tissues. Gene alignment of PRDM7 and PRDM9 identified an 89-nuclotide duplicon in the 

PRDM7 sequencing that does not exist in the PRDM9 sequence (Figure 5.2). The 

distinguishing primers were designed based on the 89-nucleotide duplicon region. Both 

genes showed no expression in normal tissues (Figure 5.3) but were co-expressed in 

leukaemia K-562 cells (Figure 5.4). PRDM9 was also expressed in embryonal carcinoma cells, 

colon cancer cells, prostate cancer cells, ovary cancer cells, breast cancer cells and 

melanoma cells.  

5.2.2 The relation between PRDM9 and the human orthologue Morc2b (Rik) 

genes in normal and cancer tissues  

The meiosis-specific Rik (Morc2b) gene was identified as being directly regulated by the 

Prdm9 gene in mice (Hayashi et al., 2005). We asked whether aberrant expression of PRDM9 

in human cancer cells might lead to activation of human MORC family genes. Four human 

orthologous genes (MORC1, MORC2, MORC3 and MORC4) were identified and validated in 

normal and cancer cell lines using RT-PCR analysis.  

The PRDM9 and MORC family genes showed different expression patterns in normal and 

cancer tissues, with the exception of the MORC1 gene (Figure 5.5 and Figure 5.6). MORC2, 

MORC3 and MORC4 were expressed in nearly all normal and cancer tissues, which indicated 

a negative relation between these genes and PRDM9. However, MORC1 showed expression 
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in normal testis and spinal cord tissues. The expression of this gene was determined in a few 

cancer cell lines including T84, SW480 and K-562, which might indicate a relative relationship 

between the MORC1 and PRDM9 genes.  

   

 

   

 

 

 

 
 
 
 

 

 

 

 

 

 

 

 
 
Figure 5.1. Schematic showing the structure of PRDM9 and PRDM7.Both genes are composed of 

three domains: a PR/SET domain encoding a histone methyltransferase activity, a KRAB protein-protein 

binding box and a C2H2 zinc finger repeated array, which is longer in PRDM9. 
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               10        20        30        40        50        60        70        80  

PRDM9  ATGAGCCCTGAAAAGTCCCAAGAGGAGAGCCCAGAAGAAGACACAGAGAGAACAGAGCGGAAGCCCATGGTCAAAGATGC 
       :::::::::::::X:::::::::::::::::::::::X:::::::::::::::::::::::::::::::::::::::::: 

PRDM7  ATGAGCCCTGAAAGGTCCCAAGAGGAGAGCCCAGAAGGAGACACAGAGAGAACAGAGCGGAAGCCCATGGTCAAAGATGC 
               10        20        30        40        50        60        70        80 

 

               90       100       110       120       130       140       150       160 

PRDM9  CTTCAAAGACATTTCCATATACTTCACCAAGGAAGAATGGGCAGAGATGGGAGACTGGGAGAAAACTCGCTATAGGAATG 
       :::::::::::::::::::::::::::::::::::::::::::::X:::::::::::::::::::::::::::::::::: 
PRDM7  CTTCAAAGACATTTCCATATACTTCACCAAGGAAGAATGGGCAGAAATGGGAGACTGGGAGAAAACTCGCTATAGGAATG 
               90       100       110       120       130       140       150       160 

 

              170       180       190       200       210       220       230       240 

PRDM9  TGAAAAGGAACTATAATGCACTGATTACTATAGGTCTCAGAGCCACTCGACCAGCTTTCATGTGTCACCGAAGGCAGGCC 
       ::::::X::::::::::::::::::::::X:::::::::::::::::::::::::::::::::::::::::::::::::: 
PRDM7  TGAAAATGAACTATAATGCACTGATTACTGTAGGTCTCAGAGCCACTCGACCAGCTTTCATGTGTCACCGAAGGCAGGCC 
              170       180       190       200       210       220       230       240 

 

              250       260       270       280       290       300       310       320 

PRDM9  ATCAAACTCCAGGTGGATGACACAGAAGATTCTGATGAAGAATGGACCCCTAGGCAGCAAGTCAAACCTCCTTGGATGGC 
       ::::::::::::::::::::::::::::::::X::::::::::::::X:::::::::::::::::::::::::::::::: 
PRDM7  ATCAAACTCCAGGTGGATGACACAGAAGATTCCGATGAAGAATGGACACCTAGGCAGCAAGTCAAACCTCCTTGGATGGC 
              250       260       270       280       290       300       310       320 

 

              330       340       350       360       370       380       390       400 

PRDM9  CTTAAGAGTGGAACAGCGTAAACACCAGAAGGGAATGCCCAAGGCGTCATTCAGTAATGAATCTAGTTTGAAAGAATTGT 
        :::X::::XX::::::X::::::::::::::::::::::::::::::::::::X:::::::::::::::::X:::::::: 

PRDM7  CTTCAGAGGAGAACAGAGTAAACACCAGAAGGGAATGCCCAAGGCGTCATTCAATAATGAATCTAGTTTGAGAGAATTGT 
              330       340       350       360       370       380       390       400 

 

              410       420       430       440       450       460       470       480 

PRDM9  CAAGAACAGCAAATTTACTGAATGCAAGTGGCTCAGAGCAGGCTCAGAAACCAGTGTCCCCTTCTGGAGAAGCAAGTACC 
       ::X::::XX::::::::::::::X::::::X:::::::::::::::::::::::::::::::X::::::::::::::::: 

PRDM7  CAGGAACGCCAAATTTACTGAATACAAGTGACTCAGAGCAGGCTCAGAAACCAGTGTCCCCTCCTGGAGAAGCAAGTACC 
              410       420       430       440       450       460       470       480 

 

              490       500       510       520       530       540       550       560 

PRDM9  TCTGGACAGCACTCAAGACTAAAACTGGAACTCAGGAAGAAGGAGACTGAAAGAAAGATGTATAGCCTGCGAGAAAGAAA 
       ::::::::::::::X::::::::::::::::::::::X:::::::::::::X:::::::::::::::::::::::::::: 

PRDM7  TCTGGACAGCACTCTAGACTAAAACTGGAACTCAGGAGGAAGGAGACTGAAGGAAAGATGTATAGCCTGCGAGAAAGAAA 
              490       500       510       520       530       540       550       560 

 

              570       580       590       600       610       620       630       640 

PRDM9  GGGTCATGCATACAAAGAGGTCAGCGAGCCGCAGGATGATGATTACCTCTATTGTGAGATGTGTCAGAACTTCTTCATTG 
       :::::::::::::::::::X::::::::::X:::::::::::X::::::::::::::::::::::::::::::::::::: 

PRDM7  GGGTCATGCATACAAAGAGATCAGCGAGCCACAGGATGATGACTACCTCTATTGTGAGATGTGTCAGAACTTCTTCATTG 
              570       580       590       600       610       620       630       640 

 

              650       660       670       680       690       700       710       720 

PRDM9  ACAGCTGTGCTGCCCATGGGCCCCCTACATTTGTAAAGGACAGTGCAGTGGACAAGGGGCACCCCAACCGTTCAGCCCTC 
       :::::::::::::X:::::::::::::::::::::::::::::::::::::::::::::::X:::::::::::::::::: 

PRDM7  ACAGCTGTGCTGCTCATGGGCCCCCTACATTTGTAAAGGACAGTGCAGTGGACAAGGGGCATCCCAACCGTTCAGCCCTC 
              650       660       670       680       690       700       710       720 

 

              730       740       750       760       770       780       790       800 

PRDM9  AGTCTGCCCCCAGGGCTGAGAATTGGGCCATCAGGCATCCCTCAGGCTGGGCTTGGAGTATGGAATGAGGCATCTGATCT 
       :::::::::::X:::::::::::::::::::::::::::::::::::::::::::::::::::::X:::::::::::::: 
PRDM7  AGTCTGCCCCCGGGGCTGAGAATTGGGCCATCAGGCATCCCTCAGGCTGGGCTTGGAGTATGGAACGAGGCATCTGATCT 
              730       740       750       760       770       780       790       800 

              810       820       830       840       850       860       870       880 

PRDM9  GCCGCTGGGTCTGCACTTTGGCCCTTATGAGGGCCGAATTACAGAAGACGAAGAGGCAGCCAACAATGGATACTCCTGGC 
       :::X::::::::::::::::::::X::::::::::::::::::::::::::::::::::::::::X::::::X::::::: 

PRDM7  GCCACTGGGTCTGCACTTTGGCCCCTATGAGGGCCGAATTACAGAAGACGAAGAGGCAGCCAACAGTGGATATTCCTGGC 
              810       820       830       840       850       860       870       880 
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              890       900       910       920       930       940       950       960 

PRDM9  TGATCACCAAGGGGAGAAACTGCTATGAGTATGTGGATGGAAAAGATAAATCCTGGGCCAACTGGATGAGGTATGTGAAC 
       :X::::::::::::::::::::::::::::::::::::::::::::::::::::X::::::::::::::::::::::::: 
PRDM7  TAATCACCAAGGGGAGAAACTGCTATGAGTATGTGGATGGAAAAGATAAATCCTCGGCCAACTGGATGAGGTATGTGAAC 
              890       900       910       920       930       940       950       960 

 

              970       980       990      1000      1010      1020      1030      1040 

PRDM9  TGTGCCCGGGATGATGAAGAGCAGAACCTGGTGGCCTTCCAGTACCACAGGCAGATCTTCTATAGAACCTGCCGAGTCAT 
       :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
PRDM7  TGTGCCCGGGATGATGAAGAGCAGAACCTGGTGGCCTTCCAGTACCACAGGCAGATCTTCTATAGAACCTGCCGAGTCAT 
              970       980       990      1000      1010      1020      1030      1040 

 

             1050      1060                                                             

PRDM9  TAGGCCAGGCTGTGAACTGCTGGTCTGGT--------------------------------------------------- 
       :::::::::::::::::::::::::::::                                                    
PRDM7  TAGGCCAGGCTGTGAACTGCTGGTCTGGTCTGGGGATGAGTATGGCCAGGAACTGGGCATCAGATCTTCTATAGAACCTG 
             1050      1060      1070      1080      1090      1100      1110      1120 

 

                                          1070      1080      1090      1100      1110  

PRDM9  --------------------------------------ATGGGGATGAATACGGCCAGGAACTGGGCATCAAGTGGGGCA 
                                             ::::::::::X::X:::::::::::::::::::::::::::: 
PRDM7  CCGAGTCATTAGGCCAGGCTGTGAACTGCTGGTCTGGTATGGGGATGAGTATGGCCAGGAACTGGGCATCAAGTGGGGCA 
             1130      1140      1150      1160      1170      1180      1190      1200 

 

            1120      1130      1140      1150      1160      1170      1180      1190  

PRDM9  GCAAGTGGAAGAAAGAGCTCATGGCAGGGAGAGAACCAAAGCCAGAGATCCATCCATGTCCCTCATGCTGTCTGGCCTTT 
       :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

PRDM7  GCAAGTGGAAGAAAGAGCTCATGGCAGGGAGAGAACCAAAGCCAGAGATCCATCCATGTCCCTCATGCTGTCTGGCCTTT 
             1210      1220      1230      1240      1250      1260      1270      1280 

 

            1200      1210      1220      1230      1240      1250      1260      1270  

PRDM9  TCAAGTCAGAAATTTCTCAGTCAACATGTAGAACGCAATCACTCCTCTCAGAACTTCCCAGGACCATCTGCAAGAAAACT 
       ::::::::X::::::::::::::::::::X:::::::::::::::::::::::::::::::::::::::::::::::::: 

PRDM7  TCAAGTCAAAAATTTCTCAGTCAACATGTGGAACGCAATCACTCCTCTCAGAACTTCCCAGGACCATCTGCAAGAAAACT 
             1290      1300      1310      1320      1330      1340      1350      1360 

 

            1280      1290      1300      1310      1320      1330      1340      1350  

PRDM9  CCTCCAACCAGAGAATCCCTGCCCAGGGGATCAGAATCAGGAGCAGCAATATCCAGATCCACACAGCCGTAATGACAAAA 
       X:::::::::::::::::::::::::::::::::::::::::::X:::::::X:X:::::::X:X::X:::::::::::: 

PRDM7  TCTCCAACCAGAGAATCCCTGCCCAGGGGATCAGAATCAGGAGCGGCAATATTCTGATCCACGCTGCTGTAATGACAAAA 
             1370      1380      1390      1400      1410      1420      1430      1440 

 

            1360      1370      1380      1390      1400      1410      1420      1430  

PRDM9  CCAAAGGTCAAGAGATCAAAGAAAGGTCCAAACTCTTGAATAAAAGGACATGGCAGAGGGAGATTTCAAGGGCCTTTTCT 
       :::::::::::::::::::::::::::::::::::::::                                          

PRDM7  CCAAAGGTCAAGAGATCAAAGAAAGGTCCAAACTCTTGA----------------------------------------- 
             1450      1460      1470                                                   

 

            1440      1450      1460      1470      1480      1490      1500      1510  

PRDM9  AGCCCACCCAAAGGACAAATGGGGAGCTGTAGAGTGGGAAAAAGAATAATGGAAGAAGAGTCCAGAACAGGCCAGAAAGT 

                                                                                       

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            1520      1530      1540      1550      1560      1570      1580      1590  

PRDM9  GAATCCAGGGAACACAGGCAAATTATTTGTGGGGGTAGGAATCTCAAGAATTGCAAAAGTCAAGTATGGAGAGTGTGGAC 

                                                                                       

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            1600      1610      1620      1630      1640      1650      1660      1670  

PRDM9  AAGGTTTCAGTGTTAAATCAGATGTTATTACACACCAAAGGACACATACAGGGGAGAAGCTCTACGTCTGCAGGGAGTGT 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
                                                                                     



Chapter 5.0  Results 

166 
 

 

            1680      1690      1700      1710      1720      1730      1740      1750  

PRDM9  GGGCGGGGCTTTAGCTGGAAGTCACACCTCCTCATTCACCAGAGGATACACACAGGGGAGAAGCCCTATGTCTGCAGGGA 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            1760      1770      1780      1790      1800      1810      1820      1830  

PRDM9  GTGTGGGCGGGGCTTTAGCTGGCAGTCAGTCCTCCTCACTCACCAGAGGACACACACAGGGGAGAAGCCCTATGTCTGCA 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            1840      1850      1860      1870      1880      1890      1900      1910  

PRDM9  GGGAGTGTGGGCGGGGCTTTAGCCGGCAGTCAGTCCTCCTCACTCACCAGAGGAGACACACAGGGGAGAAGCCCTATGTC 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            1920      1930      1940      1950      1960      1970      1980      1990  

PRDM9  TGCAGGGAGTGTGGGCGGGGCTTTAGCCGGCAGTCAGTCCTCCTCACTCACCAGAGGAGACACACAGGGGAGAAGCCCTA 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            2000      2010      2020      2030      2040      2050      2060      2070  

PRDM9  TGTCTGCAGGGAGTGTGGGCGGGGCTTTAGCTGGCAGTCAGTCCTCCTCACTCACCAGAGGACACACACAGGGGAGAAGC 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            2080      2090      2100      2110      2120      2130      2140      2150  

PRDM9  CCTATGTCTGCAGGGAGTGTGGGCGGGGCTTTAGCTGGCAGTCAGTCCTCCTCACTCACCAGAGGACACACACAGGGGAG 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            2160      2170      2180      2190      2200      2210      2220      2230  

PRDM9  AAGCCCTATGTCTGCAGGGAGTGTGGGCGGGGCTTTAGCAATAAGTCACACCTCCTCAGACACCAGAGGACACACACAGG 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            2240      2250      2260      2270      2280      2290      2300      2310  

PRDM9  GGAGAAGCCCTATGTCTGCAGGGAGTGTGGGCGGGGCTTTCGCGATAAGTCACACCTCCTCAGACACCAGAGGACACACA 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            2320      2330      2340      2350      2360      2370      2380      2390  

PRDM9  CAGGGGAGAAGCCCTATGTCTGCAGGGAGTGTGGGCGGGGCTTTAGAGATAAGTCAAACCTCCTCAGTCACCAGAGGACA 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

            2400      2410      2420      2430      2440      2450      2460      2470  

PRDM9  CACACAGGGGAGAAGCCCTATGTCTGCAGGGAGTGTGGGCGGGGCTTTAGCAATAAGTCACACCTCCTCAGACACCAGAG 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
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            2480      2490      2500      2510      2520      2530      2540      2550  

PRDM9  GACACACACAGGGGAGAAGCCCTATGTCTGCAGGGAGTGTGGGCGGGGCTTTCGCAATAAGTCACACCTCCTCAGACACC 

                                                                                        

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            2560      2570      2580      2590      2600      2610      2620      2630  

PRDM9  AGAGGACACACACAGGGGAGAAGCCCTACGTCTGCAGGGAGTGTGGGCGGGGCTTTAGCGATAGGTCAAGCCTCTGCTAT 

  

PRDM7  -------------------------------------------------------------------------------- 
                                                                                        

 

            2640      2650      2660      2670      2680      

PRDM9  CACCAGAGGACACACACAGGGGAGAAGCCCTACGTCTGCAGGGAGGATGAGTAA 

                                                              

PRDM7  ------------------------------------------------------ 

 

 
Figure 5.2. Gene alignments of PRDM9 and PRDM7 show high similarity between both genes. 
PRDM7 is shorter than PRDM9 and lacks some of the zinc finger repeats (Turquoise), which is the main 
feature of PRDM9. The 89-nucleotide segment (Red) is present only in PRDM7 and does not have any 
repetitive elements. Both genes showed identical sequencing with the exception of some nucleotides 
(Green). Identical sequencing of the start codon and stop codon cloning primers of PRDM7 to the PRDM9 
sequences (Yallow). 
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Figure 5.3. Comparison of the expression of PRDM9 and PRDM7 in normal human 

tissues. Agarose gels stained with ethidium bromide showing the expression pattern of 

PRDM9 and PRDM7 genes in 21 normal tissues. (A) β-Actin serves as a positive control for the 

cDNA samples. (B) PRDM9 and PRDM7 showed no expression in non-testis somatic tissues. 

PRDM9 and PRDM7 share highly similar sequences and distinguishing primers D1 and D2 were 

used to distinguish these two genes.  
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Figure 5.4. Comparison of the expression of PRDM9 and PRDM7 in cancer cell lines and 

tissues. Agarose gels stained with ethidium bromide showing expression pattern of PRDM9 and 

PRDM7 genes in 33 cancer cell lines and tissues. (A) β-Actin served as a positive control for cDNA 

samples. (B) PRDM9 alone was expressed in different cancer cells while both genes were expressed 

in leukaemia K-562 cells with high intensity bands. PRDM9 and PRDM7 share highly similar 

sequences and distinguishing primers D1 and D2 were used to distinguish these two genes. 
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Figure 5.5. RT-PCR screening analysis of MORC family genes expression and comparison 

with PRDM9 gene expression in a range of human normal tissues. Agarose gels showing 
different expression patterns between PRDM9 and MORC family genes, with the exception of the 
MORC1 gene, in 21 normal human tissues. (A) β-Actin gene served as a positive control for cDNA 
samples. (B) PRDM9 is expressed only in the testis and not in other normal tissues. (C) MORC 
family gene were expressed in most of the human normal tissues. Two set of primers for MORC2, 
MORC3 and MORC4 indicate a negative relation between these genes and PRDM9, with the 
exception of MORC1 that is expressed in the normal testis and spinal cord only. 
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Figure 5.6. RT-PCR screening analysis of MORC family gene expression compared with PRDM9 

gene expression in a range of cancer cell lines and tissues. Agarose gels stained with ethidium 

bromide showing expression patterns of PRDM9 and MORC1 genes in 33 cancer cell lines and tissues. 

(A) β-Actin served as the positive control for cDNA samples. (B) PRDM9 is expressed in most of the 

cancer cell lines and tissues. (C) MORC2, MORC3 and MORC4 genes are expressed in most of the cancer 

cell lines tissues. The MORC1 gene is only expressed in a few cancer tissues, indicating perhaps a relative 

relationship between this gene and the PRDM9 gene. 
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5.2.3 Protein analysis and cellular localisation of PRDM9 in different cancer 

cell lines 

PRDM9 expression was identified in several types of cancer cell lines and tissues using RT-

PCR analysis. Based on this result, PRDM9 was analysed at the protein level in 8 different 

cancer types using polyclonal anti-PRDM9 antibody (Abcam; ab85654). Whole cell lysates 

were prepared from 10 cancer lines (NT2, 1321N1, HCT116, SW480, H460, MRC5, HeLa, 

MCF-7, A2780 and K-562). The PRDM9 protein was detected in nearly all cancer cell lines 

with an expected size of approximately 102 kDa, using anti-α-tubulin antibody as a positive 

control (Figure 5.7 A). This result indicates that aberrant expression of PRDM9 might encode 

a clinically important oncogenic antigen (Feichtinger et al., 2012a).  

The cellular localisation of PRDM9 was assessed by preparing nuclear (N), cytoplasmic (C) 

and whole cell (W) proteins from 1321N1, A2780, and HCT116, as well as NT2 cell lines. 

PRDM9 was present in 1321N1, A2780 and HCT116 cells in the nucleus whereas it was 

cytoplasmic in the NT2 cell line (Figure 5.6 B). α-tubulin was used as a cytoplasmic and lamin 

A/C as a nuclear positive control.  

5.2.4 siRNA knockdown of PRDM9 

In the present study, knockdown of PRDM9 was attempted using four different siRNAs (5, 6, 

7 and 8) to determine the effect of PRDM9 knockdown on 1321N1, A2780, HCT116, SW480, 

K-562, MCf-7 and NT2 cells. Different conditions were examined to optimise successful 

PRDM9 knockdown, including increasing the concentration of siRNA and transfection 

reagent as well as the number of siRNA hits. Protein concentration was measured using the 

BCA protein assay and approximately 30 µg protein was loaded per well.  

PRDM9 knockdown was carried out in leukaemia K-562 and ovarian cancer A2780 cell lines 

using a single hit or three hits. Western blot analysis showed failure of the PRDM9 

knockdown using siRNAs 5, 6, 7 and 8 in both K-562 and A2780 cells compared to the 

negative control non-interference as well as untreated cells (Figure 5.8). Three hits were 

used for PRDM9 knockdown in K-562 cells. In contrast, one or three hits appeared to have no 

effect on PRDM9 knockdown in the A2780 cell line, even when using a combination of 

siRNAs. Anti-α-tubulin antibody was used as positive loading control. 
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PRDM9 knockdown was performed in embryonal carcinoma NT2 and astrocytoma 1321N1 

cell lines. Western blot analysis showed successful knockdown of PRDM9 in NT2 cells after 

single hits with siRNA5 and siRNA8 (Figure 5.9). However, no knockdown of PRDM9 was 

observed in 1321N cells after a single hit with any of the four siRNAs. We increased the 

siRNA hits to three hits as a further attempt at knockdown of PRDM9 in 1321N1 cells. The 

western blot results showed that increasing the hits to three led to successful knockdown of 

PRDM9 in 1321N1 cells (Figure 5.9).  

PRDM9 knockdown also failed in breast cancer Mcf-7 cells using all four siRNAs, even with 

three hits, but showed a slight effect when a combination of siRNAs was used (Figure 5.10). 

In contrast, successful knockdown was observed using three hits of siRNAs in colorectal 

cancer cell lines HCT116 and SW480. PRDM9 was successfully knocked down using three hits 

of siRNA7 in both HCT116 and SW480 cells compared to the negative control non-

interference as well as untreated cells (Figure 5.10). In addition, siRNAs 6 and 8 showed 

slight knockdown in both cell lines. Protein loading was assessed using anti-α-tubulin 

antibody, which served as a positive control. 
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(A) 

(B) 

Figure 5.7. Western blot analysis of PRDM9 in different cancer cell lines. (A) The 

expression of PRDM9 protein was determined in 10 cancer cell lines. α-tubulin was used 

as a positive control. (B) The cellular localization of PRDM9 was determined in NT2, 
1321N, HCT116 and A2780 cells using whole cell lysates (W), cytoplasmic lysate fractions 
(C) and nuclear lysate fractions (N). PRDM9 was present in the nucleus in 1321N, HCT116 
and A2780 cells, but in the cytoplasm in the NT2 cell line. α-tubulin was used as a 
cytoplasmic positive control and lamin A/C serves as a nuclear control.  
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Figure 5.8. Western blot analysis of PRDM9 knockdown in K-562 and A2780 cells. Four 
different siRNA numbers (5, 6, 7 and 8) as well as a combination of these siRNAs were used to 
knockdown PRDM9. No successful knockdown was observed using three hits in K-562 cells 
when compared to the negative control non-interference as well as untreated cells. PRDM9 
knockdown failed using either one or three hits in A2780 cell lines, even with combinations of 
siRNAs. α-tubulin served as a positive loading control. 
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Figure 5.9. Western blot analysis of PRDM9 knockdown in NT2 and 1321N1 cells. Four 
different siRNA numbers (5, 6, 7 and 8) were used to knockdown PRDM9 in NT2 and 1321N1 
cells. Successful knockdown was observed after one hit of the siRNA in NT2 cells and three hits 
in 1321N1 cells when compared to the negative control non-interference as well as untreated 
cells. In NT2, PRDM9 knockdown was successful with siRNA5 and siRNA8 after only one hit. In 
contrast, the knockdown was only slightly successful in 1321N1 cells using siRNA7 and siRNA8 
after three hits. α-tubulin served as a positive loading control.  
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Figure 5.10. Western blot analysis of PRDM9 knockdown in Mcf-7, HCT116 and SW480 
cells. Four different siRNA numbers (5, 6, 7 and 8) as well as a combination of these siRNAs 
were used to knockdown PRDM9 in Mcf-7, HCT116 and SW480 cells. PRDM9 knockdown failed 
using four siRNAs in Mcf-7 cells but a slight effect was seen with a combination of these 
siRNAs. In contrast, successful knockdown was observed using three hits of the siRNA7 in 
HCT116 and SW480 cells compared to the negative control non-interference as well as 
untreated cells. The siRNAs 6 and 8 showed a slight knockdown in HCT116 and SW480 cells. α-
tubulin served as positive loading control.  
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5.2.5 Analysis of proliferation of HCT116 and SW480 cells transfected with 

PRDM9 siRNAs 

Western blot analysis showed successful knockdown of PRDM9 in HCT116 and SW480 cells 

after three hits of siRNA. PRDM9 has been identified to serve as a meiotic hotspot regulator 

but its aberrant function in cancer cells remains poorly understood (Baudat et al., 2010; 

Myers et al., 2010; Parvanov et al., 2010). We asked whether PRDM9 knockdown could 

influence the proliferation potential of HCT116 and SW480 cells. The effect of PRDM9 

knockdown was examined in adherent parental cells by seeding 1, 10, 100 or 1000 cells in 

96-well plates in 100 μl of growth medium. Six well repeats were used for untreated cells, 

negative control siRNA, HiPerFect treated cells and PRDM9 cells treated with siRNA (siRNAs 

5, 6, 7 and 8). The transfection complex was made by adding 0.1 nM siRNA containing 0.3 µl 

HiPerFect reagent to 4.7 µl serum-free medium. A negative control non-interference siRNA 

was prepared in the same way. The PRDM9 siRNA transfection mixture, negative control 

siRNA or HiPerFect only were added to the culture upon cell seeding and re-applied after 2 

and 6 days to the parental HCT116 and SW480 cells. Untreated cells were used to compare 

the effect of the siRNA treatments on cell proliferation after 10 days of incubation. Light 

microscopy was used to count the number of wells showing positive growth greater than 

that observed for the cells transfected with the negative control siRNA. The extreme limiting 

dilution analysis (ELDA) webtool (http://bioinf.wehi.edu.au/software/elda/) was used to 

determine frequencies of the cell proliferation.  

PRDM9 knockdown using siRNA-5 and siRNA-7 in parental HCT116 cells resulted in a 

statistically significant 8-fold reduction in proliferation (P<0.01) when compared to cells 

transfected with the negative control siRNA. Transfection with siRNA-6 also reduced the cell 

proliferation by 6-fold, while siRNA-8 transfection caused a 4-fold reduction (Table 5.1 A) 

(Figures 5.11 and 5.12). Pairwise comparisons of cell proliferation frequencies between 

untreated cells when compared to either cells transfected with negative control siRNA or 

treated with HiPerFect only revealed no statistically significant differences (P> 0.01). 

Comparison of cell proliferation between negative control siRNA transfected cells and cells 

treated with HiPerFect only also showed no statistically significant differences (P> 0.01) 

http://bioinf.wehi.edu.au/software/elda/
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(Table 5.1 B). In contrast, pairwise comparisons of all untreated cells, negative control siRNA 

transfected cells and HiPerFect treated cells with the PRDM9 siRNA-5, siRNA-6 and siRNA-7 

transfected groups showed highly significant differences (P< 0.01). 

In addition, knockdown of PRDM9 with siRNA7 in parental SW480 cells resulted in a 14-fold 

reduction in cell proliferation (P< 0.01) when compared to cells transfected with the negative 

control siRNA (Table 5.2 A) (Figures 5.13 and 5.14). Pairwise comparisons revealed no 

significant differences (P> 0.01) in cell proliferation frequencies between untreated/negative 

control siRNA transfected cells, untreated/HiPerFect only treated cells and negative control 

siRNA transfected/HiPerFect only treated cells (Table 5.2 B). In contrast, all pairwise 

comparisons with the PRDM9 siRNA-7 transfected group revealed highly significant 

differences (P< 0.01). 

 

 
Table 5.1 A. Extreme limiting dilution analysis (ELDA) assay showing the influence of 

PRDM9 siRNA-mediated knockdown on proliferation of HCT116 cells   

Number 
of cells 
per well 

Number 
of wells 
plated 

Untreated 
cells 

Negative 
control 
siRNA  

HiPerFect 
only  

PRDM9 
siRNA-5  

PRDM9 
siRNA-6  

PRDM9 
siRNA-7  

PRDM9 
siRNA-8  

Number of well showing positive growth of HCT116 cells after 10 days culturing 

1000 6 6 6 6 6 6 6 6 

100 6 6 6 6 6 6 6 6 

10 6 6 6 6 1 2 1 3 

1 6 0 0 0 0 0 0 0 

Cell proliferation  
frequency (95% CI) 

1/4 
(1/11-1/2) 

1/4 
(1/11-
1/2) 

1/4  
(1/11-1/2) 

1/32 
(1/82-

1/13) 

1/23 
(1/64-

1/9) 

1/32 
(1/82-

1/13) 

1/16 
(1/46-

1/6) 

*P value << 0.00190 pairwise comparisons presented below 
*The overall test for differences in cells frequencies between any of the groups. 
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Table 5.1 B. Extreme limiting dilution analysis (ELDA) pairwise tests for differences in 

HCT116 cell self-renewal frequencies  

HCT116 parental cells 

Group 1 Group 2 Chisq DF Pr(>Chisq) 

PRDM9 siRNA-5 PRDM9 siRNA-6 0.192 1 0.661 

PRDM9 siRNA-5 PRDM9 siRNA-7 0 1 1 

PRDM9 siRNA-5 PRDM9 siRNA-8 0.86 1 0.354 

PRDM9 siRNA-5 HiPerFect-only 7.57 1 0.00593 

PRDM9 siRNA-5 Negative control siRNA 7.57 1 0.00593 

PRDM9 siRNA-5 Untreated cells 7.57 1 0.00593 

PRDM9 siRNA-6 PRDM9 siRNA-7 0.192 1 0.661 

PRDM9 siRNA-6 PRDM9 siRNA-8 0.240 1 0.624 

PRDM9 siRNA-6 HiPerFect-only 5.36 1 0.0206 

PRDM9 siRNA-6 Negative control siRNA 5.36 1 0.0206 

PRDM9 siRNA-6 Untreated cells 5.36 1 0.0206 

PRDM9 siRNA-7 PRDM9 siRNA-8 0.86 1 0.354 

PRDM9 siRNA-7 HiPerFect-only 7.57 1 0.00593 

PRDM9 siRNA-7 Negative control siRNA 7.57 1 0.00593 

PRDM9 siRNA-7 Untreated cells 7.57 1 0.00593 

PRDM9 siRNA-8 HiPerFect-only 3.37 1 0.0663 

PRDM9 siRNA-8 Negative control siRNA 3.37 1 0.0663 

PRDM9 siRNA-8 Untreated cells 3.37 1 0.0663 

HiPerFect-only Negative control siRNA 0 1 1 

HiPerFect-only Untreated cells 0 1 1 

Negative control siRNA Untreated cells 0 1 1 
 * The table shows the Chi-Square statistic, degrees of freedom (DF), and the probability value (Pr > ChiSq) with a value 

below than 0.05 indicating a statistically significant difference. 
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Figure 5.11.  The influence of using different types of PRDM9 siRNA on HCT116 cell growth (10 
cells seeded per well) after 10 days. Untreated HCT116 cells, cells transfected with non-interference 
siRNA and/or HiPerfect transfection only (served as a negative control) were used to assess the effect 
of using PRDM9 siRNA on cell growth. Four types of PRDM9 siRNA were used to test cell survival after 
PRDM9 knockdown. (A) Untreated HCT116 cells, (B) Cells transfected with non-interference siRNA, (C) 
HiPerfect transfection only, (D) siRNA-5 transfection, (E) siRNA-6 transfection, (F) siRNA-7 transfection, 
(G) siRNA-8 transfection. HCT116 cell growth was influenced by siRNA-5, siRNA-6 and siRNA-7 
compared to untreated or negative control transfection. 
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Figure 5.12.  The influence of using different types of PRDM9 siRNA on HCT116 cell growth (100 
cells seeded per well) after 10 days. Untreated HCT116 cells, cells transfected with non-interference 
siRNA and/or HiPerfect transfection only (served as a negative control) were used to assess the influence 
of using PRDM9 siRNA on cell growth. Four types of PRDM9 siRNA were used to test cell survival after 
PRDM9 knockdown. (A) Untreated HCT116 cells, (B) cells transfected with non-interference siRNA, (C) 
HiPerfect transfection only, (D) siRNA-5 transfection, (E) siRNA-6 transfection, (F) siRNA-7 transfection, 
(G) siRNA-8 transfection. HCT116 cell growth was slightly influenced by siRNA 5 and 6 compared to 
untreated or negative control transfection. 
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Table 5.2 A. Extreme limiting dilution analysis (ELDA) assay showing the influence of 

PRDM9 siRNA-mediated knockdown on proliferation of SW480 cells   

Number 
of cells 
per well 

Number 
of wells 
plated 

Untreated 
cells 

Negative 
control 
siRNA  

HiPerFect 
only  

PRDM9 
siRNA-5  

PRDM9 
siRNA-6  

PRDM9 
siRNA-7  

PRDM9 
siRNA-8  

Number of well showing positive growth of SW480 cells after 10 days culturing 

1000 6 6 6 6 6 6 6 6 

100 6 6 6 6 6 6 5 6 

10 6 6 6 6 4 1 1 2 

1 6 0 0 0 0 0 0 0 

Cell forming frequency 
(95% CI) 

1/4 
 (1/11-1/2)  

1/4 
(1/11-
1/2) 

1/4 (1/11-
1/2) 

1/11 
(1/29-
1/4) 

1/32 
(1/82-
1/13) 

1/57 
(1/138-
1/24) 

1/23 
(1/64-
1/9) 

*P value << 0.0000275 
*The overall test for differences in cells frequencies between any of the groups. 

 

Table 5.2 B. Extreme limiting dilution analysis (ELDA) pairwise tests for differences in 

SW480 cell self-renewal frequencies  

SW480 parental cells 

Group 1 Group 2 Chisq DF Pr(>Chisq) 

PRDM9 siRNA-5 siRNA-6 2.17 1 0.141 

PRDM9 siRNA-5 siRNA-7 5.64 1 0.0176 

PRDM9 siRNA-5 siRNA-8 1.07 1 0.302 

PRDM9 siRNA-5 HiPerFect-only 1.75 1 0.186 

PRDM9 siRNA-5 Negative control siRNA 1.75 1 0.186 

PRDM9 siRNA-5 Untreated cells 1.75 1 0.186 

PRDM9 siRNA-6 siRNA-7 0.701 1 0.402 

PRDM9 siRNA-6 siRNA-8 0.192 1 0.661 

PRDM9 siRNA-6 HiPerFect-only 7.57 1 0.00593 

PRDM9 siRNA-6 Negative control siRNA 7.57 1 0.00593 

PRDM9 siRNA-6 Untreated cells 7.57 1 0.00593 

PRDM9 siRNA-7 siRNA-8 1.68 1 0.194 

PRDM9 siRNA-7 HiPerFect-only 13.9 1 0.000198 

PRDM9 siRNA-7 Negative control siRNA 13.9 1 0.000198 

PRDM9 siRNA-7 Untreated cells 13.9 1 0.000198 

PRDM9 siRNA-8 HiPerFect-only 5.36 1 0.0206 

PRDM9 siRNA-8 Negative control siRNA 5.36 1 0.0206 

PRDM9 siRNA-8 Untreated cells 5.36 1 0.0206 

HiPerFect-only Negative control siRNA 0 1 1 

HiPerFect-only Untreated cells 0 1 1 

Negative control siRNA Untreated cells 0 1 1 
* The table shows the Chi-Square statistic, degrees of freedom (DF), and the probability value (Pr > ChiSq) with a value 

below than 0.05 indicating a statistically significant difference. 
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Figure 5.13.  The influence of using different types of PRDM9 siRNA on SW480 cell growth (10 
cells seeded per well) after 10 days. Untreated SW480 cells, cells transfected with non-interference 
siRNA and/or HiPerfect transfection only (served as a negative control) were used to assess the 
influence of using PRDM9 siRNA on cell growth. Four types of PRDM9 siRNA were used to examine cell 
survival after PRDM9 knockdown. (A) Untreated SW480 cells, (B) cells transfected with non-
interference siRNA, (C) HiPerfect transfection only, (D) siRNA-5 transfection, (E) siRNA-6 transfection, 
(F) siRNA-7 transfection, (G) siRNA-8 transfection. SW480 growth was inhibited by siRNAs compared to 
untreated or negative control transfection. 
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Figure 5.14.  The influence of using different types of PRDM9 siRNAs on SW480 cell growth (100 
cells seeded per well) after 10 days. Untreated SW480 cells, cells transfected with non-interference 
siRNA and/or HiPerfect transfection only (served as a negative control) were used to assess the effect of 
using PRDM9 siRNA on cell growth. Four types of PRDM9 siRNA were used to test cell survival after 
PRDM9 knockdown. (A) Untreated SW480 cells, (B) cells transfected with non-interference siRNA, (C) 
HiPerfect transfection only, (D) siRNA-5 transfection, (E) siRNA-6 transfection, (F) siRNA-7 transfection, 
(G) siRNA-8 transfection. SW480 growth was inhibited using siRNA-6 and siRNA-7 compared to untreated 
or negative control transfection. 
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5.2.6 Cloning and sequencing of full length variants of PRDM9 and PRDM7  

The full-length human PRDM9 open reading frame (NCBI, Gene ID 56979) has a predicted 

size of 2685 bp and the short isoform of PRDM7 (II) (NCBI, Gene ID 11105) has a predicted 

size of 516 bp, both were amplified from the cDNA of normal human testis RNA using 

Phusion high-fidelity PCR Master Mix with GC buffer (Figure 5.15). The correct PRDM9 and 

PRDM7 (II) bands were extracted from the gels, purified, and then digested with BamHI 

restriction enzyme and purified.  

Different sets of primers, phusions and PCR conditions were used to amplify the long isoform 

of PRDM7 with estimated size 1479 bp but this gene could not be amplified due to the 

identical sequencing of the start codon and stop codon primers to the PRDM9 sequence (see 

gene alignment Figure 5.2). Therefore, the full-length recombinant PUC57::PRDM7 (Named 

pAMO5) long isoform (I) with BamHI restriction sites was purchased (Genscript).  

A digested (BamHI) and purified pNEB193 plasmid was used to clone the PRDM7 (II) short 

isoform (Figure 5.16 A). Due to the size similarity of the PRDM9 and pNEB193 plasmid, a 

digested and purified pGEM-T easy vector pGEM-3ZF(+) (3199 bp) was used to clone the full 

length of PRDM9 (Figure 5.16 B).   

The ratios of PRDM9 and PRDM7 (II) genes to the plasmids were used (6:1 and/or 9:1; insert: 

plasmid). Ampicillin resistance and blue/white screening with lac-Z selection were used for 

successful detection of ligated plasmids with PRDM9 or PRDM7 (I) and (II) genes after 

transformation into the E. coli DH5α strain. Large white colonies were selected and PCR 

reactions were performed using internal primers for PRDM9 or PRDM7 isoforms (I) and (II) to 

confirm that the correct colonies were selected (Figure 5.17). Colonies with positive PCR 

were selected for overnight growing. 

The primers of PRDM9 and PRDM7 genes had incorporated BamHI sites, so the 

recombinants plasmids were checked also by restriction digestion of the purified plasmids 

using BamHI to confirm correct cloning. Analysis of the digestion pGEM-3ZF (+)::PRDM9 

(Named pAMO1) in 0.8% agarose gel confirmed the presence of the insert PRDM9 with the 

correct size of approximately 2685 bp (Figure 5.18). Similarly, digestion of pUC57::PRDM7 (I) 
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(Named pAMO5) with BamHI enzyme showed successful cloning of PRDM7 (I) with 1479 bp 

(Figure 5.19 A); and digestion of pNEB193::PRDM7 (II) (Named pAMO6) indicated correct 

cloning of PRDM7 (II) with a single band of 516 bp (Figure 5.19 B). 

Samples with the correctly cloned genes were sent for DNA sequencing to confirm the 

correct orientation and to check for unwanted mutations. The colonies chosen for further 

analysis did not contain any mutations. Universal primers and internal primers used for these 

checks are listed in Tables 2.3 and 2.11 (Method and Materials).    

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15. PCR amplification of the full open reading frame of PRDM9 and PRDM7 (II) short 

isoform. Ethidium bromide stained agarose gels show the product of (A) PRDM9 with 2685 bp and (B) 

PRDM7 (II) short isoform with size 516 bp. 
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Figure 5.16.  Digestion of pNEB193 and pGEM-3Zf(+) plasmids with BamHI restriction enzyme. An 

0.8% agarose gel stained with ethidium bromide shown in figure (A) pNEB193 plasmid with size 2713 

bp, lane 1 digestion of pNEB193 before the purification and lane 2 after purification. Figure (B) showing 

pGEM-3ZF (+) plasmid. Lane 1: uncut pGEM-3ZF (+) and lane 2: digested and purified plasmid. 5 µl of 

HyperLadder 1 kb was used as marker. 
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Figure 5.17.  PCR profile analyses both PRDM9 and PRDM7 genes after transformation into 

E.coli. PRDM9 and PRDM7 (II) were ligated at BamHI site with ratio of (1:6 and/or 1:9 plasmid: insert) 
as well as purchased PRDM7 (I):PUC57 transformed into DH5α E.coli. Random large white colonies 
were picked using the blue/white screening technique. PCR was performed to check the possibility of 
transformation using internal primers for PRDM9 and PRDM7 genes. PCR products were fractionated 
on 1% agarose gels stained with ethidium bromide. (A) PRDM9 gene was cloned into pGEM-3ZF (+) 
plasmid; Lane 1: positive testis control; Lanes 2-16: colonies containing PRDM9 gene. (B) PRDM7 gene 
long isoform was cloned into pUC57 plasmid; and (C) PRDM7 gene short isoform was cloned into 
pNEB193 plasmid; Lane 1: positive testis control; Lanes 2-18 or 19: colonies containing PRDM7 genes in 
(B) long isoform and (C) short isoform. 5 µl of HyperLadder II was used as marker. 
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Figure 5.18. Digestion of pGEM-3ZF (+)::PRDM9 (pAMO1) construct with BamHI restriction 
enzyme and construct map. (A) 0.8% agarose gel stained with ethidium bromide shows: in Lane 1-
7, digestion of pGEM-3ZF (+)::PRDM9 construct with the BamHI enzyme. Two bands were obtained 
in all seven colonies, the upper one being the pGEM-3ZF (+) vector with approximately 3199 bp. The 
lower band is the PRDM9 gene with approximately 2685 bp. (B) pGEM-3ZF (+)::PRDM9 recombinant 
plasmid showing the restriction site of BamHI used to clone the PRDM9 gene. 5 µl of HyperLadder 1 
kb was used as marker. 
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Figure 5.19. Digestion of constructed plasmids of PRDM7 long and short isoforms with BamHI 

restriction enzyme. 0.8% agarose gels stained with ethidium bromide show in (A) PRDM7 (I) long 

isoform, Lane 1-3: digestion of pUC57:: PRDM7 (I) (pAMO5) construct with BamHI enzyme. Two bands 

were obtained in the three colonies, the upper one is the pUC57 vector with approximately 2710 bp. 

The lower band is the PRDM7 (I) gene with approximately 1479 bp. (B) Digestion of pNEB193:: PRDM7 

(II) (pAMO6) with BamHI enzyme gave two bands shown in lanes 1-9, which correspond to the 

pNEB193 plasmid (upper band, 2713 bp) and the PRDM7 (II) gene (lower band, 516 bp). 5 µl of 

HyperLadder 1 kb was used as marker. 
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5.2.7 Subcloning of PRDM9 and PRDM7 genes into mammalian expression 

system Tet-on 3G plasmid.  

One of the central hypotheses in this chapter that was PRDM9 acts as a transcriptional factor 

that activates the expression of meiosis genes in cancer cells. This hypothesis was examined 

by overexpressing PRDM9, PRDM7 (I) and PRDM7 (II) in the HeLa Tet on-3G system. 

The Tetracycline-Inducible Gene Expression Systems (Tet-On 3G) is one of the most common, 

inducible gene expression systems in mammalian cells. In this system, a high level of 

transgenes can be expressed in targeted cells under the regulation of a Tet-On 3G 

transactivator protein. The TRE3G promoter (PTRE3G) controls the level of target gene 

expression in the presence or absence of doxycycline (DOX) (Gossen and Bujard, 1992; Vigna 

et al., 2002; Loew et al., 2010). 

Here, the full lengths of PRDM9, PRDM7 (I) and PRDM7 (II) were amplified from the 

constructed plasmids generated in Section 5.2.6 using Phusion high-fidelity PCR. The primers 

contained a Kozak sequence (ACC) in the forward primers and a 6X His tag in the reverse 

primers, in addition to BamHI sites (Figure 5.20). The digested and purified pTRE3G plasmid 

with BamHI restriction enzyme was used to clone PRDM9, PRDM7 (I) and PRDM7 (II) 

individually (Figure 5.21).  

The ratios of insert to plasmid used were 6:1 and/or 9:1 (inserts: plasmid). Large white 

colonies were selected after the ligated plasmids were transformed into E. coli under 

ampicillin resistance selection growth. PCR reactions were performed to confirm that the 

correct colonies were selected (Figure 5.22). The pTRE3G::PRDM9 (Named pAMO7) vector 

was digested using BamHI restriction enzyme (Figure 5.23), as were pTRE3G::PRDM7(I) 

(Named pAMO8) or pTER3G:: PRDM7 (II) (Named pAMO9) (Figure 5.24). Samples with the 

correctly cloned genes were sent for DNA sequencing to confirm the correct orientation and 

check for unwanted mutations. The colonies chosen for further analysis did not contain any 

mutations.  
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Figure 5.20. PCR amplification of the full open reading frame of PRDM9 and PRDM7 genes 

using constructed plasmids. Ethidium bromide stained agarose gels show the product of (A) 

PRDM9 with 2685 bp (B) PRDM7(I) long isoform with 1479 bp;. and (C) PRDM7 (II) short isoform 

with 516 bp;. Kozak sequencing (ACC) was added to the forward primers before the start codon in 

the N-terminal and 6X His tag were added to the C-terminal in the reverse primers before the stop 

codon. 
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 M   1     2   3    4    5   6    7    8    9   10  M 

Digested pTRE3G with BamHI enzyme 

pTRE3G 
(3431 bp) 

Figure 5.21.  Digestion of pTRE3G plasmid with BamHI restriction enzyme. 0.8% agarose gel 

stained with ethidium bromide shows in Lane 1: uncut pTRE3G vector; Lane 2: cut and purified 

pTRE3G vector; Lanes 3-10: digested pTRE3G plasmid before purification.  Lane M is Hyperladder I. 
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Figure  5.22.  PCR profile analyses of PRDM9 and PRDM7 genes after cloning into pTRE3G and 
transformation into E. coli. Genes were ligated with pTRE3G plasmid at ratio of 1:6 and/or 1:9 
(plasmid: insert) and transformed into E. coli. Random large white colonies were picked and PCR was 
performed to check the possibility of transformation. PCR products were fractionated on 1% agarose 
gels stained with ethidium bromide. (A) PRDM9 gene; Lane 1: positive testis control; Lanes 2-14: 
colonies containing PRDM9 gene. (B) PRDM7 gene long isoform; and (C) PRDM7 gene short isoform; 
Lane 1: positive testis control; Lanes 2-18: colonies containing PRDM7 genes in (B) long isoform and 
(C) short isoform. 
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 M         1          2          3         4          5         M 

Digested pTRE3G::PRDM9 with BamHI enzyme 

PRDM9 
(2685bp) 

pTRE3G 
(3431 bp) 

Figure 5.23. Digestion of pTRE3G::PRDM9 (pAMO7) construct with BamHI restriction enzyme. 

0.8% agarose gel stained with ethidium bromide shows in Lane 1-5: digestion of pTRE3G::PRDM9 

construct with BamHI enzyme. Two bands were obtained in all five colonies higher one belongs to 

pTRE3G vector with approximately 3431 bp. The lower band is the PRDM9 gene with approximately 

2685 bp. A 6X His tag sequence was added to the reverse primers and a Kozak sequence to the 

forward primer. M is a HyperLadder 1 kb marker. 
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(1479 bp) 

 M         1           2         3          4         5          M 

Digested pTRE3G::PRDM7 (I) with BamHI enzyme 

pTRE3G 
(3431 bp) 
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Digested  pTRE3G:: PRDM7 (II) with BamHI enzyme 

PRDM7 (II) 
(516 bp) 

pTRE3G 
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Figure 5.24. Digestion of pTRE3G::PRDM7 constructed plasmids with BamHI restriction enzyme. 

0.8% agarose gels stained with ethidium bromide show in (A) PRDM7 (I) long isoform, Lane 1-5: digestion 

of pTRE3G::PRDM7 (I) (pAMO8) construct with BamHI enzyme. Two bands were obtained in four 

colonies; the upper one is the pTRE3G vector with approximately 3431 bp. The lower band is the 

PRDM7(I) gene with approximately 1479 bp.(B) Digestion of pTRE3G::PRDM7 (II) (pAMO9) with BamHI 

enzyme. Two bands were obtained in lanes 2, 3, 5, 7, 8, 9 and 10, which correspond to the pTRE3G 

plasmid and PRDM7(II) gene. A His tag sequence was added to the reverse primers and a Kozak 

sequence to the forward primer. M is a HyperLadder 1 kb marker. 
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5.2.8 Establishment of a double-stable HeLa Tet-On 3G cell line 

The generation of a double stable Tet-on 3G cell line containing PRDM9, PRDM7 (I) or 

PRDM7 (II) individually was one of the major parts of this research project. Creation of such a 

system for overexpression of PRDM9 and PRDM7 in human cancer cells was aimed at 

studying the transcription factor activities (TFs) of these genes in cancer cells. PRDM9 was 

identified to be aberrantly expressed in several cancer cells and was hypothesised to drive 

the expression of several meiosis genes in cancer cells (Feichtinger et al., 2012a). 

In the Tet-on 3G system, two steps are required to generate a double stable cell line 

expressing PRDM9 or PRDM7 genes. In the first transfection, cells are transfected with 

pCMV-Tet3G plasmid to constitutively express the transactivator protein under the G418 

antibiotic selection. Here, HeLa Tet-on 3G and Jurkat Tet-on 3G cells containing the pCMV-

Tet-3G vector were purchased from Clonetech and cDNA was generated from each cell type. 

PCR was carried out to analyse the expression of PRDM9 and PRDM7 in these cells. No 

expression was observed for either PRDM9 or PRDM7 in HeLa Tet-on 3G and Jurkat Tet-on 

3G cells (Figure 5.25). 

The double-stable cell line was created by cotransfecting HeLa Tet-on 3G individually with 

pTRE3G::PRDM9, pTRE3G::PRDM7(I) or pTRE3G::PRDM7(II) plasmids along with a linear 

selection marker for puromycin antibiotic. This was followed by selection for double-stable 

transfected cells that were resistant to puromycin and G418 antibiotics (Figure 5.26 A and B).  

5.2.8.1 Selection of double-stable HeLa Tet-on 3G cells 

Before HeLa Tet-on 3G cell cotransfection, a cell kill curve was optimised using different 

concentrations of puromycin antibiotic. Cells were grown in media without antibiotic for 48 

hours and then exposed to 0 -2.5 µg/ml puromycin for 3-5 days (Figure 5.27). The minimum 

antibiotic dose that killed all cells in 5 days was 1.0 µg/ml. 

The HeLa Tet-On 3G cell line was cotransfected with pTRE3G plasmid containing either 

PRDM9, PRDM7(I) or PRDM7 (II) genes or with empty pTRE3G plasmid to assess the gene 

inductions, along with the puromycin linear selection marker, at ratios of 20:1 (constructed 

plasmids:puromycin marker). After 4 days of cells growth in antibiotic free media, 100 µg/ml 

of G418 and 1 µg/ml puromycin were added. Most of the cells died, with the exception of 
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single cells that appeared after 4 days of treatment and had possible transfection (Figure 

5.28). After two weeks of cell culture in media containing optimised antibiotic 

concentrations, drug-resistant colonies begin to appear (Figure 5.29). Large and healthy 

colonies with possible gene cloning were picked up using cloning cylinders and grown in 

separate 10 cm plates and then in T75 flasks.  

Each clone was then tested individually by comparing the expression of PRDM9 or PRDM7 in 

the presence or absence of 1 µg/ml doxycycline. Cells were grown in this experiment in a 

high quality Tet system approved FBS which was functionally tested for this inducible system 

and free of tetracycline contamination.   
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Figure 5.25. RT-PCR of analysis expression of PRDM9 and PRDM7 in Jurkat Tet -on 3G, HeLa Tet -

on 3G and HeLa S3 cell lines. Agarose gels stained with ethidium bromide showed no expression of 

(A) PRDM9 and (B) PRDM7 in either the Jurkat or HeLa cancer cell lines. A testis sample was used as a 

positive control.(C) β-Actin served as a positive control for the cDNA samples. 
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PRDM7(I) 
or 
PRDM7(II) 

Figure 5.26 A. The Tet-on 3G inducible system allow to induce the expression of PRDM9 or 

PRDM7 in the presence of doxycycline only.  Tet-on 3G transactivator protein (blue) undergoes a 

conformational alteration in the presence of doxycyline. This will allow this protien to bind to the tet 

operator (tetO) element (red) within the promoter PTRE3G of TRE3G plasmid. This in turn induce the 

expression of PRDM9 or PRDM7.  
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Figure 5.26 B.  Diagram summarising the methods of creating a double Tet on 3G cell line. A 
HeLa Tet-on 3G line that expresses the tetracycline (Tet)-regulated transactivator protein was used to 
induce the expression of PRDM9 and PRDM7 under the control of a tetracycline-responsive promoter. 
The constructed pTRE3G plasmids containing genes of interest were transfected to HeLa Tet-on 3G 
cells along with the puromycin linear marker. Doxycycline (Dox) was used for overexpression of PRDM9 
or PRDM7 expression in HeLa Tet-on 3G when it was added to the cells. 
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Figure 5.27. Untransfected HeLa Tet-On 3G cells were exposed to a range of puromycin 

antibiotic dosages to generate a cell killing curve. Appropriate doses of puromycin were 

determined by growing untransfected cells in normal media without puromycin antibiotic for 48 

hours. Seven doses of puromycin (0 to 2.5 µg) were used then to optimize the minimum dose that 

would kill all cells after 3-5 days. (A) Untreated cells were used to compare the effect of the antibiotic 

on treated cells. From (B) to (H) different concentrations of puromycin antibiotic and the optimum 

dose based on colony selection was (D) 1 µg/ml. 
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PRDM9 transfection                                      PRDM7(I)  transfection 
  

PRDM7(II) transfection                                pTRE3G vector transfection 
  

Figure 5.28. HeLa Tet-On 3G cell line transfected with PRDM9, PRDM7(I) or PRDM7 (II) genes 
after 4 days of cell growth. Cells were transfected with pTRE3G plasmid containing either PRDM9, 
PRDM7(I) or PRDM7(II) along with the puromycin linear selection marker at a ratio of 20: 1 (construct: 
puromycin marker). Empty pTRE3G plasmid was transfected into the cells to assess the gene induction. 
After 4 days of growth, most of the cells had died except the cells with possible transfection. Single 
cells started to appear 4 days after adding 1 µg/ml puromycin antibiotic. 
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PRDM9 transfection                                        PRDM7(I)  transfection 
  

PRDM7(II) transfection                                   pTRE3G vector transfection 
  

Figure 5.29. HeLa Tet-On 3G cell line transfected with PRDM9, PRDM7(I) or PRDM7 (II) genes 
after 16 days of cell growth. Cells were transfected with pTRE3G plasmid containing either the 
PRDM9, PRDM7(I) long isoform or PRDM7(II) short isoform along with a puromycin linear marker at 
ratio of 20: 1 (construct: puromycin marker vector). Empty pTRE3G plasmid was transfected into the 
cells to assess the gene induction. After 16 days of growth, single colonies start to appear and were 
cultured in the presence of 1 µg/ml puromycin antibiotic. 
 
 
 
 
 



Chapter 5.0  Results 

206 
 

5.2.9 RT-PCR and qRT-PCR analysis of overexpressed PRDM9 into double-

stable HeLa Tet-on 3G cells 

The successful integration of PRDM9 into HeLa Tet-on 3G cells to create a double-stable cell 

line was validated by cotransfecting four independent colonies with pTRE3G::PRDM9 vector 

and inducing them with 1 µg/ml doxycycline for 24 hours. A fraction from each clone was 

also grown in the absence of doxycycline. Total RNAs were isolated and cDNAs were 

synthesized from each clone grown in either the presence or absence of doxycycline.    

Two colonies showed expression of PRDM9 after cells induction with doxycycline. In 

contrast, no expression was observed in the absence of doxycycline (Figure 5.30). Colonies 

(C) and (D) show no expression in the presence or absence of doxycycline and were excluded 

from this study. Two sets of PRDM9 primers were used to confirm PRDM9 expression and 

testis cDNA was used as a positive control. 

PRDM9 expression was analysed in two independent colonies following integration of the 

pTRE3G vector only. No expression of PRDM9 was displayed in transfected HeLa Tet-on 3G 

cells with pTRE3G plasmids either in presence or absence of doxycycline after 24 hours 

(Figure 5.31).  

For further analysis, qRT-PCR was carried out to quantify the level of PRDM9 expression in 

colony (A) and (B) after induction with doxycycline. Commercial (Qiagen) and in house 

designed qRT-PCR primers for PRDM9 were used to carry out SYBR Green-based real time. 

PRDM9 result was normalised against the qRT-PCR results of two reference genes Actin and 

GAPDH and the results are displayed in Figure 5.32. The qRT-PCR results showed no 

expression of PRDM9 was observed in the absence of doxycycline. In contrast, a high level of 

expression of PRDM9, particularly in clone (B), was observed after doxycycline induction. No 

quantification cycle (Cq) reading was shown in the negative controls NTC (no template 

control) or NRT (no reverse transcriptase).   
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Figure 5.30.  RT-PCR analysis confirming expression of PRDM9 gene after induction in HeLa Tet-

on 3G system. Four independent colonies of PRDM9 into HeLa Tet-on 3G were induced with 1 µg/ml 

doxycycline for 24 hours. (I) β-Actin served as a positive control for the cDNA samples. (II) The 

expression profile of the PRDM9 gene in the presence or absence of doxycycline. Two pairs of primers 

were designed for PRDM9 gene and it was expressed in colonies (A) and (B) in the presence of 

doxycycline. In the absence of doxycycline, no expression was observed. Colonies (C) and (D) showed 

no expression in the presence or absence of doxycycline. Lane T: positive testis control. 1% agarose 

gels stained with ethidium bromide were used to visualise the PCR products. 
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Figure 5.31. RT-PCR analysis of PRDM9 gene in two independent colonies transfected with only 

pTRE3G empty vector. HeLa Tet-on 3G cells were transfected with pTRE3G plasmids and induced 

with 1 µg/ml doxycycline for 24 hours. RT-PCR was performed to check the expression of the PRDM9 

gene after induction with only the pTRE3G vector. (II) No expression was determined for the PRDM9 

gene in both colonies, either with or without doxycycline. (I) β-Actin served as a positive control for 

the cDNA samples. Lane T: positive testis control. 1% agarose gels stained with ethidium bromide were 

used to visualise the PCR products. 
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Target Sample Cq 
Reading 
1 

Cq 
Reading 2 

Cq 
Reading 
3 

Cq 
Mean 

Cq Std. Dev 

Actin No Dox  A 17.74 17.75 17.79 17.76 0.025 

Actin 1 μg  Dox  A 18.50 18.10 18.03 18.21 0.256 

Actin No Dox  B 18.09 18.14 18.10 18.11 0.029 

Actin 1 μg  Dox  B 18.57 18.51 18.44 18.50 0.065 

GAPDH No Dox  A 20.47 20.45 20.37 20.43 0.053 

GAPDH 1 μg  Dox  A 20.49 20.25 20.48 20.41 0.136 

GAPDH No Dox  B 20.38 20.18 20.32 20.29 0.105 

GAPDH 1 μg  Dox  B 20.39 20.54 20.27 20.40 0.137 

PRDM9 Qigene No Dox  A 38.84 36.40 37.36 37.53 1.231 

PRDM9 Qigene 1 μg  Dox  A 26.06 26.51 26.13 26.23 0.242 

PRDM9 Qigene No Dox  B 37.94 37.64 36.19 37.26 0.936 

PRDM9 Qigene 1 μg  Dox  B 26.15 25.12 25.24 25.50 0.561 

PRDM9 No Dox  A 36.22 36.27 36.18 36.23 0.046 

PRDM9 1 μg  Dox  A 25.38 24.84 24.81 25.01 0.320 

PRDM9 No Dox  B 36.08 36.32 36.46 36.29 0.196 

PRDM9 1 μg  Dox  B 24.44 24.77 24.77 24.66 0.190 

Actin No Dox  A (NRT) N/A N/A N/A 0.00 0.000 

GAPDH No Dox  A (NRT) N/A N/A N/A 0.00 0.000 

PRDM9 Qigene No Dox  A (NRT) N/A N/A N/A 0.00 0.000 

PRDM9  No Dox  A (NRT) N/A N/A N/A 0.00 0.000 

Actin 1 μg  Dox  A (NRT) N/A N/A N/A 0.00 0.000 

(I) 

(II) 



Chapter 5.0  Results 

210 
 

GAPDH 1 μg  Dox  A (NRT) N/A N/A N/A 0.00 0.000 

PRDM9 Qigene 1 μg  Dox  A (NRT) N/A N/A N/A 0.00 0.000 

PRDM9  1 μg  Dox  A (NRT) N/A N/A N/A 0.00 0.000 

Actin No Dox  B (NRT) N/A N/A N/A 0.00 0.000 

GAPDH No Dox  B (NRT) N/A N/A N/A 0.00 0.000 

PRDM9 Qigene No Dox  B (NRT) N/A N/A N/A 0.00 0.000 

PRDM9  No Dox  B (NRT) N/A N/A N/A 0.00 0.000 

Actin 1 μg  Dox  B (NRT) N/A N/A N/A 0.00 0.000 

GAPDH 1 μg  Dox  B (NRT) N/A N/A N/A 0.00 0.000 

PRDM9 Qigene 1 μg  Dox  B (NRT) N/A N/A N/A 0.00 0.000 

PRDM9  1 μg  Dox  B (NRT) N/A N/A N/A 0.00 0.000 

Actin NTC N/A N/A N/A 0.00 0.000 

GAPDH NTC N/A N/A N/A 0.00 0.000 

PRDM9 Qigene NTC N/A N/A N/A 0.00 0.000 

PRDM9 NTC N/A N/A N/A 0.00 0.000 

 
Figure 5.32. SYBR® Green-based quantitative real time PCR for overexpressed PRDM9 in double-

stable HeLa Tet-on 3G cells. Comparison of the expression of PRDM9 in two independent colonies with 

and without 1 μg/ml doxycycline induction. (I) Bar chart presenting the expression of the PRDM9 gene in 

two independent colonies of HeLa Tet-on 3G, induced and not induced with 1 μg/ml doxycycline. Two sets 

of primers were used to compare the expression of PRDM9 before and after induction. Actin and GAPDH 

primers were used to normalise the data and Bio-RAD CFX Manager was used to the data analysis. The 

error bars refer to the standard error for triplicate repeats. (II) Table showing the readings of a 

quantification cycle (Cq) and standard deviation for the reference genes Actin and GAPDH, which were 

used to normalise the PRDM9 readings. Negative control readings (Cq) for NTR (no reverse transcriptase) 

and NTC (no template control) are presented in the table.  
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5.2.2 RT-PCR analysis of overexpression of PRDM7 (I) or PRDM7 (II) 

in double-stable HeLa Tet-on 3G cells 

The successful integration of PRDM7 (I) and PRDM7 (II) into HeLa Tet-on 3G cells was 

determined by transfecting six independent colonies with pTRE3G::PRDM7(I) vector or three 

colonies with pTRE3G::PRDM7(II) vector and induction  with 1 µg/ml doxycycline for 24 

hours. In addition, a fraction of each clone was grown in the absence of doxycycline. RNAs 

were isolated and cDNAs were synthesized from each clone either with presence or absence 

of doxycycline.    

The RT-PCR analysis revealed that PRDM7 (I) was expressed in three colonies, (B), (C) and (E), 

after doxycycline induction (Figure 5.33). No expression of PRDM7 (I) was displayed in the 

absence of doxycycline with exception of clone (B), which might have had a leaky promoter. 

The band intensity was stronger for clone (C) than for clone (E) and no expression was shown 

in clones (A),(D) and (F), which were excluded from further analysis.  

The PRDM7 (I) gene was further analysed in two independent colonies with integration of 

pTRE3G vector only. No expression of PRDM7 (I) was shown in cells transfected with pTRE3G 

plasmid either in presence or absence of doxycycline after 24 hours (Figure 5.34).  

In addition to PRDM7 (I) analysis, RT-PCR analysis of PRDM7 (II) showed only one promising 

clone out of three after induction of PRDM7 (II) by doxycycline (Figure 5.35). Faint band 

intensity, indicating low expression of PRDM7 (II), was determined in clones (A) and (B) in the 

absence of doxycycline, which might be the result of a doxycycline leak. The PRDM7 (II) gene 

was also analysed in two independent colonies with integration of the pTRE3G vector only. 

No expression of PRDM7 (II) was displayed in cells transfected with empty pTRE3G plasmid 

either in presence or absence of doxycycline after 24 hours (Figure 5.36). 
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Figure 5.33.  RT-PCR analysis confirming expression of PRDM7 (I) after induction in HeLa Tet-On 

3G system. Six independent colonies of HeLa Tet-On 3G were transfected with a PRDM7:pTRE3G 

construct. Cells were cultured in absence or presence of 1 µg/ml doxycycline for 24 hours.  (I) β-actin 

served as a positive control for the cDNA samples. (II) The profile expression of PRDM7 distinguishes 

primer (F6) in the presence or absence of doxycycline. Colonies (C) and (E) showed promising 

expression of PRDM7 (I) in the presence of doxycycline. No expression was observed in any colony, 

except for colony (B) in the absence of doxycycline. Lane T is a testis sample that served as a positive 

control and M is a HyperLadder II marker. 
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Figure 5.34. RT-PCR analysis of PRDM7 in two independent colonies transfected with pTRE3G 

empty vector only. HeLa Tet-on 3G cells were transfected with pTRE3G plasmid and induced with 1 

µg/ml doxycycline for 24 hours. RT-PCR was performed to check the expression of PRDM7 (I) after 

induction of pTRE3G vector only. (II) No expression was determined for PRDM7 (I) in both colonies 

either with or without doxycycline. (I) β-Actin served as a positive control for the cDNA samples. Lane 

T is a positive testis control and M is a HyperLadder II marker. 1% agarose gels stained with ethidium 

bromide were used to visualise the PCR products. 
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Figure 5.35.  RT-PCR analysis confirming expression of PRDM7(II) after induction in HeLa Tet-on 

3G system. Three independent colonies of HeLa Tet-on 3G transfected with PRDM7:pTRE3G construct. 

Cells were cultured in absence or presence of 1 µg/ml doxycycline for 24 hours.  (I) β-actin served as a 

positive control for the cDNA samples. (II) The profile expression of PRDM7 (II) in the presence or 

absence of doxycycline. Colonies (B) and (C) showed strong expression of the PRDM7 (II) in the 

presence of doxycycline. In the absence of doxycycline, no expression was detected in colony (C) but a 

faint band intensity was present for colony (B). Lane T is a testis positive control and M is a 

HyperLadder II marker. 
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Figure 5.36.  RT-PCR analysis of PRDM7 (II) in two independent colonies after transfection with 

pTRE3G empty vector. HeLa Tet-on 3G cells were transfected with pTRE3G plasmid and induced with 

1 µg/ml doxycycline for 24 hours. RT-PCR was performed to check the expression of PRDM7 (II) after 

induction of the pTRE3G vector only. (II) No expression was determined for PRDM7 (II) in either colony 

with or without doxycycline. (I) β-Actin served as a positive control for the cDNA samples. Lane T is a 

positive testis control and M is a HyperLadder II marker. 1% agarose gels stained with ethidium 

bromide were used to visualise the PCR products. 
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5.2.10 RT-PCR analysis of PRDM9 overexpression on influence the 

expression of meiosis genes 

Several members of the PRDM family of proteins were suggested to have an oncogenic 

protein functions and might drive the expression of different genes via modification the 

chromatin stat at the target genes promoters (Fog et al., 2012; Hohenauer and Moore, 

2012). Prdm9 was found to play a critical role in the transcriptional control the expression of 

the RiK (morc2b) gene in mice (Hayashi et al., 2005).   

Here, total RNA preparations were isolated from two independent HeLa Tet-on 3G cells 

transfected with the pTRE3G::PRDM9 vector or transfected with pTRE3G only, either in the 

absence or presence of 1 µg/ml doxycycline for 24 hours. The cDNA was synthesised from 

each clone and β-actin primers were used to check the cDNA quality.  

The influence of PRDM9 overexpression in the MORC family genes, was investigated by RT-

PCR analysis using MORC1, MORC2, MORC3 and MORC4 primers (Figure 5.37). No expression 

of MORC1 was observed either with or without PRDM9 overexpression. MORC2, MORC3 and 

MORC4 showed expression in both induced and uninduced HeLa Tet-on 3G cells; this feature 

requires further investigation using qRT-PCR. Cells transfected with only pTRE3G as well 

showed similar results for these genes. 

PRDM9 has an essential role as a meiotic hotspot regulator and we asked whether 

overexpression of PRDM9 might influence the expression of known meiosis genes. RT-PCR 

analyses were performed on 13 known meiosis genes using cDNA generated from HeLa Tet-

on 3G cells with or without PRDM9 overexpression. No influence of PRDM9 overexpression 

was observed on DMC1, HORMAD2, RAD21L and REC8 genes. The HORMAD1 gene also 

showed expression in both HeLa Tet-on 3G cells with or without PRDM9 overexpression, 

which also might need further analysis by qRT-PCR (Figure 5.38 A).  

In addition, no significant effects of PRDM9 overexpression were observed in either SMC1β 

or SPO11 expression. Two sets of SPO11 primers were used and showed similar results. Two 

sets of STAG3 primers were also used and displayed faint band expression after addition of 1 

µg/ml doxycycline, even with empty transfected pTRE3G plasmid only (Figure 5.38 B). 

Furthermore, no influence of PRDM9 overexpression was found for the expression of 
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synaptonemal complex genes SYCE1, SYCE2, SYCP1 and SYCEP3 or the meiotic regulator gene 

STRA8 (Figure 5.38 C). 

RT-PCR was performed using PRDM1, PRDM4, PRDM6, PRDM7 and PRDM11 primers to 

determine whether overexpression of PRDM9 can regulate the expression of PRDM family 

genes (Figure 5.39). RT-PCR analysis results showed strong band intensity for PRDM7 

expression in PRDM9 overexpressed HeLa Tet-on 3G cells. No expression of PRDM7 was 

displayed either in the absence of doxycycline or with transfected cells with pTRE3G only. 

Two sets of distinguishing PRDM7 primers were used and the results suggested that 

induction of PRDM9 might up-regulate the expression of PRDM7. In contrast, PRDM1, 

PRDM4, PRDM6 and PRDM11 showed expression in both induced and uniduced PRDM9 

HeLa Tet-on 3G cells, which needs to be investigated further using qRT-PCR to measure the 

gene expression.  

RT-PCR was also carried out to investigate the influence of PRDM9 overexpression on some 

cancer testis genes identified in Chapter 3.0 expression of testis-restricted ARRD5, C12orf12, 

DDX4 and NT5C1B was not affected by overexpression of PRDM9 in HeLa Tet-on 3G cells 

(Figure 5.40 A). The expressions of cancer/testis NUT, ODF4, SEPT12 and TDRD12 genes were 

also not influenced (Figure 5.40 B). Finally, no significant expression was observed on X-CT 

MAGE-B5, SSX2 and GAGE1 expression in either induced or uninduced cells (Figure 5.40 C). 
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Figure 5.37. RT-PCR analysis of four MORC family genes after overexpression of PRDM9 in a 

HeLa Tet-on 3G system. HeLa Tet-on 3G cells were transfected with PRDM9:pTRE3G construct (A and 

B) or pTRE3G plasmid alone (C) and induced with 1 µg/ml doxycycline for 24 hours. (I) β-Actin served as 

a positive control of the cDNA samples. (II) Expression of PRDM9 was detected in induced (+) colonies 

integrated PRDM9 whereas no expression was seen in uninduced (-) colonies. (III) No expression of the 

MORC1 gene was observed either with or without PRDM9 overexpression. MORC2, MORC3 and 

MORC4 showed expression in both induced and uninduced PRDM9 gene. Lane T is a positive testis 

control and M is a HyperLadder II marker. 1% agarose gels stained with ethidium bromide were used 

to visualise the PCR products. 
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Figure 5.38 A. RT-PCR analysis of five meiosis specific genes after overexpression of PRDM9 in a 

HeLa Tet-on 3G system. (I) β-Actin served as a positive control for the cDNA samples. (II) Expression 

of PRDM9 was detected in induced (+) colonies containing integrated PRDM9 whereas no expression 

was observed in uninduced (-) colonies. (III) No influence of PRDM9 overexpression was noted on 

DMC1, HORMAD2, RAD21L and Rec8 genes either with or without 1 µg/ml doxycycline for 24 hours. In 

contrast, HORMAD1 showed expression in both induced and uniduced PRDM9 gene. Lane T is a 

positive testis control and M is a HyperLadder II marker. 1% agarose gels stained with ethidium 

bromide were used to visualise the PCR products. 
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Figure 5.38 B. RT-PCR analysis of three meiosis specific genes after overexpression of PRDM9 in 

a HeLa Tet-on 3G system. (I) β-Actin served as a positive control for the cDNA samples. (II) Expression 

of PRDM9 was detected in induced (+) colonies containing integrated PRDM9 whereas no expression 

was noted in uninduced (-) colonies. (III) PRDM9 overexpression had no influence on SMC1β and SPO11 

genes either with or without 1 µg/ml doxycycline for 24 hours. STAG3 showed an expression band after 

addition of 1 µg/ml doxycycline even with only empty pTRE3G plasmid. Two sets of primers were used 

for SPO11 and STAGE3. Lane T is a positive testis control and M is a HyperLadder II marker. 1% agarose 

gels stained with ethidium bromide were used to visualise the PCR products. 
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Figure 5.38 C. RT-PCR analysis of five meiosis specific genes after overexpression of PRDM9 in a 

HeLa Tet-on 3G system. (I) β-Actin served as a positive control for the cDNA samples. (II) Expression 

of PRDM9 was detected in induced (+) colonies containing integrated PRDM9, whereas no expression 

was seen in uninduced (-) colonies. (III) No influence of PRDM9 overexpression was observed on 

STRA8, SYCE1, SYCE2, SYCP1 and SYCEP3 genes either with or without 1 µg/ml doxycycline for 24 hours. 

Lane T is a positive testis control and M is a HyperLadder II marker. 1% agarose gels stained with 

ethidium bromide were used to visualise the PCR products. 
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Figure 5.39. RT-PCR analysis of five PRDM family genes after overexpression of PRDM9 in HeLa 

Tet-on 3G system. (I) β-Actin served as a positive control for the cDNA samples. (II) Expression of 

PRDM9 was detected in induced (+) colonies containing integrated PRDM9, whereas no expression was 

noted in uninduced (-) colonies. (III) PRDM1, PRDM4, PRDM6 and PRDM11 showed expression in both 

induced and uniduced HeLa Tet-on 3G cells with the PRDM9 gene. In contrast, PRDM7 showed a high 

band intensity in HeLa Tet-on 3G cells with the PRDM9 gene. No expression of PRDM7 was observed 

either in the absence of doxycycline or with transfected cells with pTRE3G only. Lane T is a positive 

testis control and M is a HyperLadder II marker. 1% agarose gels stained with ethidium bromide were 

used to visualise the PCR products. 
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Figure  5.40 A. RT-PCR analysis of four testis-restricted CT genes after overexpression of PRDM9 

in HeLa Tet-on 3G system. (I) β-Actin served as a positive control for the cDNA samples. (II) 

Expression of PRDM9 was detected in induced (+) colonies containing integrated PRDM9, whereas no 

expression was noted in uninduced (-) colonies. (III) No expression was observed for ARRDC5, 

C12orf12, DDX4 and NT5C1B in both induced and uninduced HeLa Tet-on 3G cells transfected with 

either PRDM9 or pTRE3G only. Lane T is a positive testis control and M is a HyperLadder II marker. 1% 

agarose gels stained with ethidium bromide were used to visualise the PCR products. 
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Figure 5.40 B. RT-PCR analysis of four potential cancer/testis-restricted genes after 

overexpression of PRDM9 in HeLa Tet-on 3G system. (I) β-Actin served as a positive control for the 

cDNA samples. (II) Expression of PRDM9 was detected in induced (+) colonies containing integrated 

PRDM9, whereas no expression was noted in uninduced (-) colonies. (III) No expression was observed 

for NUT, ODF4, SEPT12 and TDRD12 in both induced and uninduced HeLa Tet-on 3G cells transfected 

with either PRDM9 or pTRE3G only. Lane T is a positive testis control and M is a HyperLadder II marker. 

1% agarose gels stained with ethidium bromide were used to visualise the PCR products. 
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Figure  5.40 C. RT-PCR analysis of three known X-CT genes after overexpression of PRDM9 in 

HeLa Tet-on 3G system. (I) β-Actin served as a positive control for the cDNA samples. (II) Expression 

of PRDM9 was detected in induced (+) colonies containing integrated PRDM9, whereas no expression 

was noted in uninduced (-) colonies. (III) No expression was observed for MAGE-B5 and SSX2 in both 

induced and uninduced HeLa Tet-on 3G cells transfected with either PRDM9 or pTRE3G only. GAGE1 

was expressed in both colonies (A) and (B) with or without PRDM9 overexpression. Lane T is a positive 

testis control and M is a HyperLadder II marker. 1% agarose gels stained with ethidium bromide were 

used to visualise the PCR products. 
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5.3  Discussion  

5.3.1 The relationship between PRDM9 expression in normal and cancer 

cells compared to expression of PRDM7 and MORC family genes 

Aberrant production expression of PRDM family proteins is often associated with cancer 

development, particularly in breast cancer, cervical cancer, colorectal cancer and leukaemia 

(reviewed in Hohenauer and Moore, 2012). PRDM9 is the only meiosis-specific protein of this 

family and has been identified to regulate meiotic recombination hotspot locations (Myers et 

al., 2010). RT-PCR analysis has also confirmed PRDM9 expression in different cancer types 

including colon cancer, breast cancer, ovarian cancer, melanoma and leukaemia (Feichtinger 

et al., 2012a). In addition, a link was reported between a rare allele of PRDM9 and the 

development of leukaemogenesis in children (Hussin et al., 2013). 

In the present study, PRDM9 was found to be co-expressed with PRDM7 in leukaemia only. 

This might raise a question regarding the relationship between PRDM7 expression in 

leukaemia and the rare PRDM9 allele; this needs to be further explored. However, gene 

alignment of PRDM7 and PRDM9 showed high similarity in their DNA sequences. All attempts 

to design specific primers for the PRDM9 zinc finger region failed but distinguishing primers 

were designed using the 89-nucleotide segment present in PRDM7 only.  

The PRDM9 protein in mice was found to directly regulate the expression of the RIk (Morc2b) 

gene (Hayashi et al., 2005). However, in the present study, the expression of the human RIK 

(Morc2b) orthologue (MORC1, MORC2, MORC3 and MORC4) showed different expression 

patterns than PRDM9 in both normal and cancer tissues. This indicated that PRDM9 might 

not regulate the expression of MORC family genes in humans.  

5.3.2 PRDM9 protein analysis and the influence of PRDM9 knockdown in 

HCT116 and SW480 growth  

PRDM9 protein was detected in NTERA-2 cancer cells but was not detected in the normal 

prostate tissues. This suggested PRDM9 as a potential CT antigen biomarker (Feichtinger et 

al., 2012a). Western blot analysis performed to explore the presence of PRDM9 protein in 

cancer cells revealed it in nearly all cancer cell lysates used in this study. However, the 

PRDM9 siRNA knockdown results need to be verified.  This could be done using a new anti-
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PRDM9 antibody or better protein control such as Ponceau S protein stain. This stain total 

protein in the membrane and can verify the loading and transfer. 

In mice and humans, PRDM9 recognises and binds to specific DNA segments called hotspots 

via its zinc finger domain, which is a nuclear function (Baudat et al., 2010; Myers et al., 2010; 

Parvanov et al., 2010). Examination of the PRDM9 protein localisation by cell fractionation 

showed that the PRDM9 protein was present in the nucleus in most of the cancer cells. The 

protein was determined in the cytoplasm only in NTERA-2 cancer cells. This suggested that 

PRDM9 could have transcriptional activation functions in cancer cells.     

PRDM9 knockdown was successful in some cell lines, but failed in others. Three hits of 

siRNAs reduced the level of PRDM9 protein in most cancer cells, while only one hit was 

required for PRDM9 knockdown in NTERA-2 cells. We noted that PRDM9 was detected in 

most of the cancer cell lines used, so we asked if PRDM9 might be required for cancer cell 

proliferation.  

The ELDA assay was used to examine the influence of PRDM9 knockdown on cancer cell 

survival. Defects in PRDM9 protein in HCT116 and SW480 cells reduced the proliferation 

frequency of these cells, with highest effect observed using siRNA-7. Transfection with 

siRNA-7 reduced the cell proliferation frequency 8-fold in HCT116 cells and 14-fold in SW480 

cells, compared to the negative control siRNA transfected cells or untreated cells. This result 

was compatible with the results from the western blot analysis of PRDM9 knockdown, which 

also showed preferential knockdown of PRDM9 with siRNA-7 in these two cell lines.  

The PRDM gene family has been reported to control cell proliferation in normal and cancer 

cells (Hohenauer and Moore, 2012). For example, PRDM1 (also known BLIMP1) was 

identified as a transcriptional regulator of cell proliferation and survival through its control of 

the activity of P53 transcription (Yan et al., 2007). PRDM1 and PRDM14 co-express and are 

obligatory for the establishment of germ cell lineage (Yamaji et al., 2008; Di Zazzo et al., 

2013). Expression of PRDM1 was identified in different cancer cells and knockdown of 

PRDM1 in HCT116 cells induced apoptosis and arrested cell growth (Yan et al., 2007). In 

addition, Nishikawa et al. (2007) showed that PRDM14 was overexpressed in about two 

thirds of breast cancers, and gene knockdown reduced cell proliferation, induced apoptosis 
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and increased the sensitivity of chemotherapeutic drugs (Nishikawa et al., 2007). PRDM9 

plays a critical role in the regulation of hotspot activity during meiosis (Baudat et al., 2010; 

Myers et al., 2010; Parvanov et al., 2010); consequently, it might be associated with 

pathological genomic rearrangements (reviewed in Hussin et al., 2013). In the present study, 

knockdown of PRDM9 reduced the proliferation and survival of HCT116 and SW480 cells. The 

molecular role of PRDM9 in carcinogenesis remain elusive. It has been demonstrated that 

germline genes in Drosophila melanogaster are required for the oncogenic process and that 

the human orthologues of these Drosophila genes have up-regulated expression in a range of 

human cancers, although the functional implications for oncogenesis of this up-regulation 

remains unclear (Janic et al., 2010; Feichtinger et al., 2014 b). Interestingly, down-regulation 

of a number of CT genes in human cancer cells results in perturbation of cellular proliferative 

potential (for example, see Linley et al., 2012; Cappell et al., 2012). These findings open up 

the exciting possibility that CT genes might encode functions that are required for tumour 

homeostasis and it has recently been proposed that tumours become ‘addicted’ to these 

germline factors (Rousseaux et al., 2013b; McFarlane et al., 2014).  

Taking all these findings together raises the possibility that PRDM9, as a zinc finger 

transcription protein, might also play an oncogenic role that drives cancer cell proliferation in 

association with other unknown genes. 

5.3.3  Cloning and overexpression of PRDM9 in HeLa Tet-on 3G cells 

Several members of the PRDM family have been identified to regulate target gene 

expression via modification of the chromatin state of gene promoters (Hohenauer and 

Moore, 2012). In mice, Prdm9 was found to directly regulate RIK (Morc2b) expression 

(Hayashi et al., 2005). However, the transcriptional activity of PRDM9 in human cancer cells 

remains poorly understood. We asked if this protein might drive the expression of other 

meiosis genes in cancer cells. 

The full lengths of PRDM9 and PRDM7 were cloned and overexpressed using a HeLa Tet-on 

3G system. Overexpression of PRDM9 was demonstrated using both RT-PCR and qRT-PCR 

analysis. Both variants of PRDM7 were also cloned and overexpressed in HeLa Tet-on 3G 
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cells. The main purpose was to generate double-stable HeLa Tet-on 3G cells with transgenes 

of PRDM9, PRDM7 (I) or PRDM7 (II).  

We investigated whether overexpression of PRDM9 in cancer cell lines might influence the 

expression of other genes. RT-PCR analysis was performed to investigate the expression of 

34 selected genes, which included meiosis-specific genes, meiCT genes, MORC family genes 

and PRDM family genes. The RT-PCR analysis showed no significant overexpression of 33 

genes when validated in HeLa Tet-on 3G cells overexpressing PRDM9. RT-PCR might not be 

sufficient for studying whether PRDM9 can induce the expression of these genes. However, 

PRDM7 showed overexpression with high band intensity after validation in the PRDM9 

overexpressing cell line. Distinguishing primers for PRDM7 were used to confirm this finding 

because of the high similarity of the DNA sequences of PRDM7 and PRDM9. Co-expression of 

these two PRDM genes was detected in normal testis tissues, in HeLa-tet on 3G cells 

overexpressing PRDM9 and in a human erythroleukaemic (K-562) cell line. This co-expression 

needs further confirmation using qRT-PCR and western blotting, which could not be 

performed in the present study due to time limitations. This might be a promising avenue of 

research, as some members of the PRDM family are co-expressed/activated with other 

multiple factors as well as with members of the same family (e.g., co-expression of PRDM1 

and PRDM14 ) (Di Zazzo et al., 2013).  

5.4 Conclusion 

RT-PCR analysis of PRDM7 and PRDM9 showed a clear restriction of expression to the normal 

testis tissues and different cancer tissues, with no expression observed in other normal 

tissues. In this chapter, a lack of relationship between PRDM9 and MORC family genes was 

identified in human normal and cancer tissues. PRDM9 protein production was detected in 

different types of cancer cells, with nuclear localisation in most cells, indicating it could be a 

potential biomarker for cancer immunotherapy. Following overexpression of PRDM9 genes 

in HeLa Tet-on 3G cells that led to activation of the expression of the PRDM7 gene. No 

overexpression of 33 other genes was observed in HeLa tet-on 3G cells that overexpressed 

PRDM9. Further investigation of these genes using qRT-PCR and western blot analysis is 

required.  

http://www.sigmaaldrich.com/catalog/papers/367973
http://www.sigmaaldrich.com/catalog/papers/367973
http://www.sigmaaldrich.com/catalog/papers/367973
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Chapter 6.0 Cloning and expression of the novel 

cancer testis antigens PRDM9 and PRDM7 in 

E. coli 

6.1 Introduction 

PRDM family proteins were identified as a class of putative transcriptional regulators 

involved in the control of gene expression through alteration of the chromatin state in the 

promoters of target genes. The existence of the PR domain and the presence of multiple zinc 

finger arrays are the main features of this family (Hohenauer and Moore, 2012). The PR 

domain is related to the catalytic SET domains that characterise protein-arginine 

methyltransferases (HMTs) (reviewed in Fog et al., 2012; Hohenauer and Moore 2012). 

Histone methyltransferase activity was detected in PRDM2 (Kim et al., 2003), PRDM3 

(Pinheiro et al., 2012), PRDM6 (Wu et al., 2008), PRDM8 (Eom et al., 2009) and PRDM16 

(Pinheiro et al., 2012).  

In addition, mouse Prdm9 (Meisetz) was demonstrated to catalyse the trimethylation of 

lysine 4 of histone H3 (H3K4me3) but not mono-or dimethylation (Hayashi et al., 2005). This 

meiosis-specific protein binds to a 13-mer specific DNA sequence through the C2H2 zinc 

finger domain. Subsequently, the PR/SET domain activates H3K4me3, followed by induction 

of DSBs by the SPO11 protein (Parvanov et al., 2010; Baudat et al., 2013). PRDM9 and 

PRDM7 share a high similarity in their DNA sequences and structures, and PRDM7 exists in 

humans only (Fumasoni et al., 2007). To date, no methyltransferase activity has been 

demonstrated for PRDM7. 

Recombinant DNA technology using the glutathione S-transferase (GST) gene fusion system 

has been used to identify the specific protein function of a range of PRDM family proteins 

including PRDM2 (Kim et al., 2003), PRDM3, PRDM16 (Pinheiro et al., 2012), PRDM8 (Eom et 

al., 2009) and Prdm9 (Meisetz) (Hayashi et al., 2005).     

Protein production using the GST fusion system is a versatile system for expression, 

purification and detection in E.coli cells. It is one of the most extensively used systems for 
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obtaining high levels of induced desired proteins. The aim of this chapter was to subclone 

and express the full lengths of human PRDM7 and PRDM9 genes into pGEX-2T plasmids to 

produce recombinant proteins in vitro. The goal was to produce high purity PRDM9 and 

PRDM7 proteins which could then be examined for histone methyltransferase activity.   
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6.2 Results 

6.2.1 Subcloning of PRDM9 and PRDM7 genes into a protein production 

pGEX-2T vector   

The full lengths of PRDM9 and PRDM7 variants (I) and (II) were subcloned into the protein 

production pGEX-2T vector containing an upstream GST tag for protein function analysis 

(Figure 6.1). Genes were released from constructed plasmids (see Section 5.2.6) pGEM-3ZF 

(+)::PRDM9 (pAMO1); pUC57::PRDM7 (I) (pAMO5)  and pNEB193::PRDM7(II) (pAMO6)   by 

digestion with the BamHI restriction enzyme. Digested and purified pGEX-2T plasmid with 

BamHI (≈ 4948 bp) was used to ligate purified PRDM9 ≈2685 bp; PRDM7 (I) ≈1479 bp; and 

PRDM7 (II) ≈516 bp individually to generate recombinant plasmids (Figure 6.2). 

Ligated plasmids pGEX-2T:: PRDM9; pGEX-2T::PRDM7 (I) and pGEX-2T::PRDM7 (II) were then 

transformed into BL21 (DE3) and/or SoluB21 competent cells under ampicillin resistance 

selection. Random white colonies were selected as the pGEX-2T plasmid lacks the blue/white 

detection system. PCR reactions were then performed using internal primers for PRDM9 or 

PRDM7 genes to confirm that the colonies with the correct insertion were chosen. Colonies 

with positive PCR were selected for overnight growth (Figure 6.3).  

Recombinant plasmid PRDM9: pGEX-2T (pAMO2); PRDM7 (I): pGEX-2T (pAMO3); and PRDM7 

(II): pGEX-2T (pAMO4)   were digested successfully with the BamHI enzyme. Analysis of the 

digestion on 0.8% agarose gels showed the presence of a full-length insertion of PRDM9 (≈ 

2685 bp), PRDM7 (I) (≈ 1479 bp) and PRDM7 (II) (≈ 516 bp). Undigested and digested pGEX-

2T (≈ 4948 bp) were used for comparison with the recombinant plasmids (Figure 6.4). 

The recombinant plasmids were confirmed by DNA sequencing to check for unwanted 

mutations and the correct gene orientation. Universal pGEX primers and internal primers for 

PRDM9 and PRDM7 were used for the DNA sequencing listed in Tables 2.3 and 2.11 (see the 

Materials and Methods section).    
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Figure 6.1.  Protein expression pGEX-2T plasmid was used to subclone PRDM9 and PRDM7 

genes. The plasmid was digested with BamHI restriction enzyme and genes were cloned into the 

BamHI site. 
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Figure 6.2.  Schematic diagram of the subcloning strategy for insertion of PRDM9 and PRDM7 

genes into the fusion expression vector pGEX-2T.  Step 1: the gene of interest was released from the 

recombinant plasmids using the BamHI restriction enzyme. Step 2: pGEX-2T plasmid was digested with 

BamHI at the multiple cloning sites (MCS) after the GST taq site. Step 3: genes of interest were cloned 

into pGEX-2T; the proteins have an N-terminal GST tag which aids in recombinant protein purification.  
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Figure 6.3.  PCR profile analyses of PRDM9 and PRDM7 genes after cloning into pGEX-2T 
expression vector and transformed into BL21 expression E.coli.  Genes were ligated at the BamHI 
site with ratio of 1:6 and/or 1:9 (plasmid: insert) and transformed into BL21 expression E. coli. Random 
large white colonies were picked and PCR was performed to check the possibility of transformation 
using internal primers for PRDM9 and PRDM7 genes. PCR products were fractionated on 1% agarose 
gels stained with ethiduim bromide. (A) PRDM9 gene; Lane 1: positive control testis; Lanes 2-17: 
colonies containing the PRDM9 gene. (B) PRDM7 gene long isoform; and (C) PRDM7 gene short 
isoform; Lane 1: positive control testis; (B) Lanes 2-11: colonies containing PRDM7 genes in the long 
isoform and (C) Lane 2-18: short isoform. 5 µl of HyperLadder II used as a marker. 
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Figure 6.4.  Digestion of recombinant pGEX-2T expression plasmids with either PRDM9 and/or 
PRDM7 genes. 0.8 % agarose gel stained with ethidium bromide confirm the cloning of PRDM9, 
PRDM7 isoform (I) and (II) into the pGEX-2T plasmid. From the left, lane 1:uncut pGEX-2T plasmid; 
Lane 2: cut pGEX-2T plasmid with 4948 bp size; Lane3: digestion of recombinant PRDM9: pGEX-2T; 
Lane 4: digestion of recombinant PRDM7 (I) :pGEX-2T; Lane 5: digestion of recombinant PRDM7 (II): 
pGEX-2T. 5 µl of HyperLadder 1 kb used as a marker. 
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6.2.2 Protein production 

6.2.2.1 Optimising the overexpression of PRDM9 and PRDM7 with GST fusion 

proteins 

Recombinant plasmids pGEX-2T:: PRDM9; pGEX-2T::PRDM7 (I)  and pGEX-2T:: PRDM7 (II) 

were successfully transformed individually into the E. coli strain BL21 (DE3). Similarly, wild-

type pGEX-2T plasmid was transformed into E. coli strain BL21 (DE3) to assess the protein 

production. The pGEX-2T plasmid contains of a 26 kDa glutathione-S-transferase (GST) which 

can express under the control of the IPTG-inducible tac promoter (Smith and Johnson, 1988).  

Production of recombinant proteins was induced in cells growing in LB media at 37°C by 

treatment with 100 µM IPTG for 2, 3 and 5 hours, as described in the Materials and Methods 

(Section 2.14.8). Total cell lysates of IPTG-induced and uninduced cells were resolved on 4-

12% SDS-PAGE gels. Analysis of the induced PRDM9 fusion protein showed the expected size 

of 128 kDa corresponding to GST (≈ 26 kDa) fused to PRDM9 (≈ 102 kDa) (Figure 6.5 A; lanes 

4, 5, 7, 8, 10 and 11). Similarly, the induction of fusion proteins PRDM7 (I) and PRDM7 (II) 

showed the correct expected sizes of approximately 81.7 kDa for fusion PRDM7(I): GST 

(Figure 6.5 B; lane 3, 5 and 7) and 44.8 kDa for fusion PRDM7(II): GST (Figure 6.5 C; lanes 4, 5, 

7, 8, 10 and 11).  

As a positive control, empty pGEX-2T plasmid was induced at 37°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 (Figure 6.5).    

Western blot analysis using anti-GST antibody was performed to assess the positive 

induction of recombinant plasmids. However, due to high background problems in western 

blot Coomassie blue stained gels were chosen to show the protein production in this 

chapter. Several conditions were optimised including induction under different temperatures 

(18°C, 25°C and 30°C), different IPTG concentrations and different lysis buffers to produce a 

high yield of recombinant proteins. The best inductions of PRDM9 and PRDM7 fusion 

proteins were obtained by treatment at 37°C with 100 µM IPTG for 5 hours (Figure 6.6).   
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Figure 6.5.  Coomassie blue stained PAGE gel analysis of induction of the PRDM9 and PRDM7 
proteins with 100 µM IPTG in BL21 E. coli cells. Cells were grown in LB media and induced with 100 
µM IPTG at 37°C for 2, 3 and 5 hours. (A) Fusion PRDM9 ≈128 kDa (B) PRDM7 (I) ≈ 81.7 kDa (C) PRDM7 
(II) ≈ 44.81 kDa. Uninduced pGEX-2T alone or with inserts was used to assess the analysis. In addition, 
induced pGEX-2T without cloning (≈26 kDa) was added to assess the induction. M: protein marker; 
molecular weights are shown on the left in kDa. 
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Figure 6.6. Optimised induction of fusion PRDM9 and PRDM7 into BL21 E.coli cells.  Coomassie 
blue stained gels show the best optimised induction condition of PRDM9 and PRDM7 protein is 
induction with 100 µM IPTG at 37°C for 5 hours. A) Fusion PRDM9 ≈128 kDa (B) PRDM7 (I) ≈ 81.7 kDa 
and PRDM7 (II) ≈ 44.81 kDa. Uninduced pGEX-2T alone or with inserts was used to assess the analysis. 
In addition, induced pGEX-2T without cloning (≈26 kDa) was added to assess the induction. M: protein 
marker; molecular weights are shown on the left in kDa. 
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6.2.3 Determination of the solubility of overexpressed PRDM9 and PRDM7 

GST fusion proteins 

The solubility of overexpressed fusion proteins was examined under the best optimised 

condition (37°C with 100 µM IPTG for 5 hours) for both PRDM9 and PRDM7 (I) or with 200 

µM IPTG for PRDM7(II), as described in the Material and Methods (Section 2.14.8). When 

both the pellet (insoluble) and the supernatants (soluble) of induced-IPTG cells were run on 

SDS-PAGE gels, the majority of the PRDM9 and PRDM7 (I) was observed in the insoluble 

fractions (data not shown). 

Therefore, before starting the purification steps for PRDM9, PRDM7 (I) and PRDM7 (II) fusion 

proteins, different conditions were examined in order to solubilise more of the produced 

proteins. These conditions included different temperatures for fusion induction, different 

IPTG concentrations, different times of sonication, different lysis buffers and different host 

strains of E. coli. The majority of PRDM9 and PRDM7 (I) fusion proteins remained insoluble 

under all conditions tested. 

PRDM9 fusion protein was induced with a range of IPTG concentrations from 40 to 400 µM 

for 5 hours at 37°C. The cell lysate was resuspended in sodium chloride-Tris-EDTA (STE) 

buffer containing 100 µg/ml lysozyme to increase the solubility of the produced protein, as 

described in the Materials and Methods (Section 2.14.8.1). However, the majority of PRDM9 

fusion protein was still found in the insoluble fraction (Figure 6.7; lanes 4, 7, 10 and 14). 

Different IPTG-induction temperatures of 18°, 25° and 30°C were used to solubilise PRDM9 in 

the BL21 (DE3) E.coli strain but the bulk of the fusion protein remained in the insoluble 

fraction (data not shown).  

Similarly, reductions in the IPTG concentration and temperature to 25° or 30°C for fusion of 

PRDM7 (I) were tested to increase the amount of soluble protein before the purification step 

(Figure 6.8). Decreasing the induction temperature to 30°C with 100 µM IPTG increased the 

amount of recovered soluble protein in the supernatant but a lot of protein remained in the 

insoluble fraction (Figure 6.8; lanes 5, 8 and 11). The solubility of the fusion PRDM7 (II) 

protein was also tested under different temperatures and IPTG induction. Using 40 to 200 
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µM IPTG for induction at 37°C for 5 hours was sufficient to produce sufficient soluble PRDM7 

(II) to use in the purification step (Figure 6.9; lanes 5, 8, 11 and 15).    

SoluBL21 chemically competent cells (Genlantis) have been proposed to enhance the 

solubility of insoluble fusion proteins and limit the toxicity of recombinant proteins 

(Genlantis; http://www.genlantis.com). Recombinant plasmids as well as the pGEX-2T 

plasmid were transformed individually into SoluBL21 cells, which were then induced with 

100 µM IPTG in Minimal M9 medium at room temperature in a shaking incubator at 200 

r.p.m for 24 hours (as per the manufacturer's protocol). However, no induction of 

overexpression of fusion PRDM9 protein was observed in the SoluBL21 cells (Figure 6.10 A). 

The majority of the fusion PRDM7 (I) and PRDM7 (II) proteins were again produced in an 

insoluble protein form in these competent cells (Figure 6.10 B).  Analysis of SoluBL21 cells 

with transformed pGEX-2T plasmid only showed a high level of GST protein (approximately 

≈26 kDa) in both soluble and insoluble protein fractions. No production of GST fusion protein 

was detected in the absence of IPTG induction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.genlantis.com/


Chapter 6.0  Results 

242 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

kDa 

Figure 6.7. Determination of the solubility of PRDM9 fusion protein using different 
concentrations of IPTG in BL21 E. coli cells. Coomassie blue stained gels show the induction of 
fusion PRDM9 protein ≈128 kDa following induction with 40, 100, 200 and 400 µM IPTG at 37°C for 5 
hours. Fusion PRDM9 shows an insoluble fraction (arrow) at all IPTG concentrations. Uninduced pGEX-
2T alone or with PRDM9 was used to assess the analysis. In addition, induced pGEX-2T without the 
insert (≈26 kDa) was added to assess the induction. M: protein marker; molecular weights are shown 
on the left in kDa. 
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Figure 6.8. Determination of the solubility of PRDM7(I) fusion protein at 25°C and 30°C using 
different concentrations of IPTG into E.coli (BL21).  Coomassie blue stained gels show the induction 
of fusion PRDM7 (I) ≈ 81.7 kDa protein with 40 µM, 100 µM and 400 µM of IPTG. The majority of the 
IPTG-induced protein remained insoluble at (A) 25°C or (B) 30°C. pGEX-2T alone or with PRDM9 in 
uninduced cells was used to assess the analysis. In addition, induced pGEX-2T without insert (≈26 kDa) 
was added to assess the induction. M: protein marker; molecular weights are shown on the left in kDa. 
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Figure 6.9. Determination of the solubility of fusion PRDM7 (II) protein using different 
concentration of IPTG into E.coli (BL21).  Coomassie blue stained gels show the induction of 
fusion PRDM7 (II) protein ≈ 44.81 kDa with 40, 100, 200 and 400 µM of IPTG at 37°C for 5 hours. 
Fusion PRDM7 (II) shows soluble fraction (arrow) with 40, 100 and 200 µM of IPTG concentration. 
pGEX-2T alone or with PRDM9 in uninduced cells was used to assess the analysis. In addition, 
pGEX-2T without insert (≈26 kDa) was added to assess the induction. M: protein marker; molecular 
weights are shown on the left in kDa. 
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Figure 6.10. Solubility analysis of fusion PRDM9 and PRDM7 proteins with 100 µM IPTG into 

SoluBL21 E.coli cells. Coomassie blue stained gels showed (A) no expression of fusion PRDM9 protein 
after 24 hours of induction with 100 µM of IPTG at room temperature. (B) Fusion PRDM7 (I) ≈ 81.7 kDa 
and PRDM7 (II) ≈ 44.81 kDa appeared to have an insoluble fraction. Cells were grown in M9 medium at 
room temperature for one day and diluted in fresh M9 medium. Induction of the cells was performed at 
OD600 ≈0.4 with 100 µM of IPTG at room temperature for 24 hours (as per the manufacturer's protocol). 
pGEX-2T alone or with PRDM9 in uninduced cells was used to assess the analysis. In addition, induced 
pGEX-2T without insert (≈26 kDa) was added to assess the induction. M: protein marker; molecular 
weights are shown on the left in kDa. 
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6.2.4 The purification of produced fusion proteins  

Solubility analysis of the full lengths protien of PRDM9 and PRDM7 (I) under different culture 

conditions revealed that the vast majority of the fusion protein was located in the insoluble 

fraction. Purification of the soluble fusion proteins of PRDM9, PRDM7 (I) and PRDM7 (II) was 

performed using Pierce GST spin purification kits (Thermo) and GST spin traps (GE 

Healthcare) as described in the Materials and Methods (Section 2.14.8). Purification of these 

soluble fractions (the supernatant) resulted in no purified proteins. 

We next examined the possibility of purification of the whole induced E. coli lysates. IPTG 

induced cell lysates were re-suspended in STE buffer containing 100 µg/ml of lysozyme. After 

sonication, the soluble materials were recovered by centrifugation and Triton X-100 was 

added to a final concentration of 2%. Purification of induced pGEX-2T without the insert 

showed only a clear band with a size of ≈26 kDa (Figure 6.11 A; lanes 7, 8, 9 and 10). No 

fusion PRDM9 protein was purified after elution steps with glutathione elution buffer (Figure 

6.11 B; lane 8, 9 and 10). Some of the fusion PRDM9 protein was observed to pass through 

the first flow-through centrifugation of the whole sample (Figure 6.11 B; lane 3).  

Similarly, no purified PRDM7 (I) fusion protein was observed in the elution buffer even with 

extensive elution (Figure 6.11 C; lane 8, 9 and 10). However, some of the fusion PRDM7 (I) 

protein was noticed in the first flow-through centrifugation (Figure 6.11 C; lane 3). The 

PRDM7 (II) purification displayed some purified fusion protein but also showed some 

degraded protein (Figure 6.11 D; lanes 8, 9 and 10). Different approaches were examined to 

reduce the protein degradation of fusion PRDM7 (II) including low temperature growth and 

various type of inhibitor cocktails and lysis buffer but none were successful.   

The glutathione resins of the purification column were collected and boiled to test if the 

fusion proteins were still bound to the resins after the elution steps. The vast majority of 

fusion PRDM9, PRDM7 (I) and PRDM7 (II) remained associated with the column resins (Figure 

6.12). Therefore, formic acid was added to the elution buffer at a final concentration of 2%. 

Formic acid was chosen because it has been shown to enhance the elution of insoluble 

fractions without altering protein structure and function (Lee et al., 2008). Unfortunately, 

extensive elution steps using elution buffer containing 2% formic acid did not release the 
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fusion PRDM9 protein and PRDM7 (II) protein (Figure 6.13). Formic acid elution slightly 

enhanced the purification of fusion PRDM7 (I), with a small amount obtained after the first 

elution. Clear bands with estimated size ≈26 kDa were observed, indicating purification of 

induced pGEX-2T plasmid only in formic acid elution buffer (Figure 6.13). 

The use of mild detergents such as sarkosyl with a combination of Triton X-100 (1:200 ratio; 

S-T) in the lysis buffer has been suggested to facilitate the purification of insoluble proteins in 

high yields and without effects on the 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) did not 

improve the purification of insoluble fractions of PRDM9 and PRDM7. Again, a clear band 

was obtained with expected size of the induced pGEX-2T plasmid only (Figure 6.14). 
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Figure 6.11. Coomassie blue stained 4-12% SDS-PAGE gels analysis after expression and 

purification of fusion PRDM9 and PRDM7 proteins in BL21 E.coli cells. E. coli cells were grown in LB 

media at 37°C with fusion proteins containing either (A) pGEX-2T only, or with (B) PRDM9, (C) PRDM7 (I) 

or (D) PRDM7 (II) and induced with 100 µM IPTG for 5 hours. The whole cells lysate were solubilized 

using 2% Triton X-100 and purified using GST thermo purification columns. From left to right lane M: 

Protein marker; 1: Non-induced whole BL21 E.coli lysate; 2: Whole cell lysate of cells induced with 100 

µM IPTG; 3: Flow-through fractions from the column; 4: First wash with Equilibration/wash buffer; 5: 

Second wash; 6: Third wash; 7: First elution buffer centrifugation; 8: Second elution buffer; 9: Third 

elution; 10: Fourth elution. M: protein marker; molecular weights are shown on the left in kDa. 
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Figure  6.12.  Coomassie blue stained 4-12% SDS-PAGE gel of boiled column resins after 

purification of PRDM9 and PRDM7 from BL21 E. coli lysate. Resins were collected and boiled 

after the purification of fusion proteins by the Triton X-100 purification method. The vast 

majority of produced proteins remained bound to the column resins. From the left to right M: 

protein marker; 1: GST protein only; 2: Fusion PRDM9 protein; 3: Fusion PRDM7 (I) protein; 4: 

Fusion PRDM7 (II) protein.  M: protein marker; molecular weights are shown on the left in kDa. 
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Figure 6. 13. Coomassie blue stained 4-12% SDS-PAGE gels after purification of PRDM9 and 

PRDM7 genes from BL21 E.coli cells and elution with formic acid. E. coli cells were grown in LB 

media at 37°C with fusion proteins containing either (A) pGEX-2T only, or with (B) PRDM9, (C) PRDM7 

(I) or (D) PRDM7 (II) and induced with 100 µM IPTG for 5 hours. The whole cell lysates in STE buffer 

were solubilized using 2% Triton X-100 and purified using GST thermo purification columns. An 

extensive elution with 2% of formic acid was used with the elution buffer to enhance the elution of 

insoluble fractions bound to the GST column.  From left to right lane M: Protein marker; 1: Non-

induced whole BL21 E.coli lysate; 2: Whole cell lysate of cells induced with 100 µM IPTG; 3: Flow-

through fractions from the column; 4: First wash with Equilibration/wash buffer; 5: Second wash; 6: 

Third wash; 7: Pre-elution 8: First elution with 2% of formic acid buffer; 9: Second elution; 10: Third 

elution; 11 Fourth elution. M: protein marker; molecular weights are shown on the left in kDa. 
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Figure 6.14. Purification of PRDM9 and PRDM7 genes from BL21 E.coli cells using sarkosyl 

detergent.  E. coli cells were grown in LB media at 37°C with fusion proteins containing either (A) 
pGEX-2T only, or with (B) PRDM9, (C) PRDM7 (I) or (D) PRDM7 (II) and induced with 100 µM of IPTG for 
5 hours. The whole cell lysates in STE buffer were solubilized in 2% sarkosyl:Triton X-100 (1:200) and 
purified using GST thermo purification columns. An extensive elution with 2% of formic acid was used 
with the elution buffer to enhance the elution of bound insoluble fractions to the GST column. From 
left to right: Lane M: Protein marker; 1: Non-induced whole BL21 E. coli lysate; 2: Whole cell lysate of 
cells induced with 100 µM IPTG; 3: Flow-through fractions from the column; 4: First wash with 
Equilibration/wash buffer; 5: Second wash; 6: Third wash; 7: First elution; 8: Second elution; 9: Third 
elution; 10: Fourth elution; 11: Fifth elution. M: protein marker; molecular weights are shown on the 
left in kDa. 
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6.2.5 Histone methyltransferase assay 

Several attempts were made to purify the fusion PRDM9 (≈128 kDa) and PRDM7 (≈81.7 kDa 

and 44.81 kDa) proteins from E. coli cells but all attempts failed. Generally, E. coli cells did 

not express very well or did not promote the correct folding of very large proteins (>70 kDa). 

In this case, PRDM9 and PRDM7 were often found as insoluble proteins and accumulated as 

inclusion bodies.  

In vitro assays of histone methyltransferases activity (HMTs) are preferably conducted using 

purified proteins to eliminate reactions due to contamination with endogenous histone 

methyltransferases. However, an attempt was made to use the whole bacterial lysates of 

induced PRDM9 or PRDM7 cells using the EpiQuik™ Histone Methyltransferase 

Activity/Inhibition Assay Kit (H3-K4) (Epigentek; cat no. P-3002). This kit was suggested for 

the detection of histone methyltransferase activity using whole cell lysates (Personal 

communication with the provider company).   

The principle of this kit is a colorimetric assay based on measuring the HMT activity that 

targeted a particular histone H3 at lysine K4. In this assay, each strip well consists of a 

strongly captured histone substrate. A methyl group transfer from occurs from S-

adenosylmethionine (Adomet) onto the histone H3 at lysine 4 by HMT enzymes. High-affinity 

antibody is then used to detect the methylated histone H3-K4. Then, HRP conjugated 

secondary antibody is used to determine the amount of methylated H3-K4 based on colour 

development (Figure 6.15). The HMT activity can be then calculated based on the amount of 

methylated H3-K4 converted by the HMTs using the following formula:  

 

  

Activity (ng/h/mg) =
OD (Sample − blank ∗)

Protein Amount (μg) x hour x slope ∗∗
 x 1000 

 
*   For the blank, only histone buffer is added instead of whole cell lysate 
** Slope is calculated using a standard curve of known concentration provided by the manufacturer  
 
 

Based on the data results, the assay appears to have worked since the OD of the blank was ≈ 

0.07 ng and the positive control SET7/9 protein OD was ≈ 1.131 ng (activity ≈ 404.96) within 
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the expected range and the sample values were higher than the blank (Table 6.1). Whole 

lysates of E. coli cells with empty pGEX-2T had the highest activity, the reasons for this are 

unclear as E. coli should not possess histone methyltransferase activity. However, PRDM7 

and PRDM9 lysates showed less activity than the induced empty plasmid that could be 

detected by the capture antibody. Induction of PRDM7 and PRDM9 with IPTG resulted in a 

slight increase in activity, but it was still less than that seen for the induced pGEX-2T alone. 

The capture antibody was designed to detect dimethyl H3K4 but not trimethylated H3K4 

(Personal communication with the company, as they did not mention this information on the 

website and/or in the manufacturer’s instructions). Therefore, the lower OD might reflect 

higher activity of PRDM7 and PRDM9 since the dimethylated products could have been 

converted to trimethylated products which cannot be detected by the capture antibody. The 

OD value was inversely proportional to the activity of PRDM7 or PRDM9. 

PRDM9 was demonstrated to catalyse the production of tri-methylated lysine 4 of histone H3 

(H3K4me3) but did not catalyse mono-or di-methylation in mice (Hayashi et al., 2005). 

However, very recently, different groups demonstrated that PRDM9 in vitro has the ability to 

catalyse the mono-, di- and trimethylation of lysine 4 of histone H3 histone in mice (Wu et 

al., 2013; Xiaoying et al., 2014). Furthermore, PRDM9 was identified to have the ability to 

catalyse the mono-, di- and trimethylation of H3K4 as well as H3K36 in humans (Eram et al., 

2014). All these groups used only the PR/SET domain fragment of PRDM9 (195-385 amino 

acids) instead of the full-length protein which were used in this project.  
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Figure 6.15. Summary of the protocol for determining the histone methyltransferase 
activity of PRDM9 and PRDM7 using the EpiQuik histone methylation assay kit.  
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Table 6.1. Calculation of the histone methyltransferase activity of PRDM7 and PRDM9 
 

 

pGEX-2T 
 no IPTG   

pGEX-2T  
 100 µM IPTG   

PRDM9   
no IPTG   

PRDM9  
 100 µM IPTG   

Sample (OD) 0.883 0.981 0.433 0.705 

Blank    (OD) 0. 07 0. 07 0. 07 0. 07 

x1000 1000 1000 1000 1000 

protein amount 
(µg) 

10 10 10 10 

Hour 1 1 1 1 

Slop 0.262 0.262 0.262 0.262 

Activity  310.3053435 
 

347.7099237 
 

138.5496183 
 

242.3664122 
 

 PRDM7 (I)   
no IPTG   

PRDM7 (I)   
100 µM IPTG   

PRDM7 (II)  
 no IPTG  

PRDM7 (II)  
 100 µM IPTG   

Sample (OD) 0.496 0.534 0.596 0.755 

Blank    (OD) 0. 07 0. 07 0. 07 0. 07 

x1000 1000 1000 1000 1000 

protein amount 
(µg) 

10 10 10 10 

Hour 1 1 1 1 

Slop 0.262 0.262 0.262 0.262 

Activity  162.5954198 
 

177.0992366 
 

200.7633588 
 

261.4503817 
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6.3 Discussion  

Genetic recombination is an important feature of meiotic prophase I and a key source of 

genetic information exchange for the generation of new combinations of alleles in a 

population (Baudat et al., 2013). Recombination events occur in a small segment of the DNA 

called hotspots, which are approximately 1 to 2 kb long (Jeffreys et al., 2001). These specific 

sites are encoded for trimethylation of lysine 4 of Histone H3 (H3K4), which is a mark of 

recombination initiation (Borde et al., 2009; Buard et al., 2009; Smagulova et al., 2011). In 

mice and humans, the PRDM9 protein has been identified to have a critical role in regulation 

of recombination by binding to the hotspots via its long zinc finger array (Parvanov et al., 

2010; Baudat et al., 2010; Myers et al., 2010). In mice, PRDM9 shows in vitro catalytic activity 

for tri-methylation of lysine 4 of histone H3 (H3K4me3) but not mono-or di-methylation. It 

also has a transcriptional activity that relies on its methylation activity (Hayashi et al., 2005). 

PRDM7 was reported to arise as a duplicate of PRDM9, where both genes share highly 

similar DNA sequences and structures (Fumasoni et al., 2007). 

The aim of this chapter was to subclone, express and purify PRDM9, PRDM7 (I) and (II) in the 

protein production pGEX-2T plasmid with the goal of studying the histone methyltransferase 

activity of purified PRDM9 and PRDM7 in vitro. The full lengths of human PRDM9 and PRDM7 

(I) and (II) genes were successfully cloned into the pGEX-2T vector and overexpressed using 

IPTG. Several conditions were optimised to obtain a high yield of recombinant proteins. 

These included different induction times and temperatures, different IPTG concentrations, 

different cell lysis buffers and different host cells.  

Fusion PRDM7 and PRDM9 proteins were produced in insoluble form and accumulated as 

inclusion bodies. Several attempts were made to purify the insoluble fraction of PRDM7 and 

PRDM9 proteins, including using different GST elution buffers in combination with formic 

acid or mild detergents such as sarkosyl, but all attempts failed. One additional concern is 

that the use of detergent to solubilise the inclusion bodies also might inactivate the 

enzymatic activity.  

Failure to produce soluble recombinant PRDM9 (≈128 kDa) and PRDM7 (≈81.7 kDa) proteins 

might be due to improper protein folding that occurred during the protein production. 
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Different factors can lead to recombinant protein misfolding including recombinant protein 

size (>70 kDa), use of high concentrations of IPTG and use of strong host promoters, as well 

as use of a high expression temperature (Baneyx and Mujacic, 2004). 

The histone methyltransferase activities of PRDM9 and PRDM7 were measured using a 

colorimetric assay kit. This assay is able to detect the dimethylation of H3K4 using the 

capture antibody provided. The measurements for the positive control SET7/9 protein and 

the blank samples were in the expected range. However, low activity was detected for 

PRDM7 and PRDM9 after protein induction with IPTG. This may be a result of different 

factors, including the specificity of the capture antibody and the real amount of protein used 

since the whole cell lysate was applied.  

Mouse PRDM9 was recently reported to catalyse not only tri-methylation but also mono- 

and dimethylation of H3K4 in vitro (Wu et al., 2013; Xiaoying et al., 2014). PRDM9 also 

methylated the other core histones H2A, H2B and H4, but with less modification than seen 

for H3. A single C321P mutation in the PR/SET domain led to weak activity of PRDM9 through 

inhibition of interaction with S-adenosylmethionine (SAM) (Wu et al., 2013; Xiaoying et al., 

2014). In addition, very recently, human PRDM9 was demonstrated to catalyse mono-, di- 

and trimethylation of H3K4 as well as H3K36 in vitro and in HEK293 cells (Eram et al., 2014).  

Several transcriptional regulator proteins have been demonstrated to reactivate the 

expression of some CTA genes, including those that are aberrantly activated in cancer cells 

(e.g., BORIS, BRDT and ATAD2). These genes encode proteins that act as transcriptional 

factor regulators and/or potentially affect chromatin structures (reviewed in De Smet and 

Loriot 2013; Whitehurst, 2014). PRDM9 also encodes a protein that is able to bind to 13-mer 

specific DNA sequences and has histone methyltransferase activity with H3K4 and H3K36 

(Eram et al., 2014).  

The remaining question is how the aberrant expression of PRDM9 in cancer cells might 

activates the gametogenesis programme in cancer cells that, in turn, could drives the 

expression of gametogenic genes in tumour cells. A second unaddressed question is whether 

aberrant expression of PRDM9 might lead to unstable chromatin lesions that then activate 

CTA gene expression in cancer cells. These questions need further investigation to identify 
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the relationship between activation of PRDM9 and aberrant expression of CTA genes (or 

other genes) in cancer cells.  

However, small molecule drugs that target methylation-dependent pathways are now 

attracting considerable interest in cancer therapy. Selective inhibitors of DOT1L and EZH2 

histone lysine methyltransferases have been shown to target cancer cells with minimal 

influence on the proliferation of normal cells. These inhibitors have now entered Phase I 

clinical trials for MLL-rearranged leukaemia and diffuse large B-cell and follicular lymphoma 

(reviewed in Copeland, 2013; Wigle and Copeland, 2013; Xiaoying et al., 2014). The 

successful use of these inhibitors indicates the possible application of other small molecule 

drugs that target histone lysine methyltransferase proteins, including the PRDM protein 

family (Xiaoying et al., 2014). These genes, and particularly PRDM7 and PRDM9, might be 

especially attractive as potential targets for epigenetic drugs due to their aberrant 

expression in different types of cancers and their lack of expression in normal human tissues.  

6.4 Future Work  

Recombinant production of protein is one the most powerful tools in biological study and 

has a wide range of applications. All previous studies of PRDM9 were based on cloning of the 

PR/SET domain with an additional flanking sequence, either in mice or humans, instead of 

the full-length protein. Production of the full length of human PRDM9 and PRDM7 using 

another induction system such as baculovirus is required for investigation of their catalytic 

activity. To date, the activity of PRDM7 has not been characterised. In this case, the PR/SET 

domain of PRDM7 must be subcloned and induced to investigate its ability for histone 

methyltransferase activity.  

PRDM9 was proposed to bind to specific DNA fragments called hotspots through its zinc 

finger domain. Gel shift assays could be performed to study the interaction between purified 

PRDM9 protein and a specific DNA sequence. Use of another vector such as the pET 

expression system with His tagging rather than the GST system might induce soluble 

PRDM7/9. 

The effect of single or multiple mutations in the PR/SET domain of PRDM7 and PRDM9 must 

be studied to determine the influence of mutation on the interaction with SAM. 
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Furthermore, the activity of histone methyltransferase should be studied in HeLa Tet-on 3G 

cells overexpressing PRDM9 and PRDM7 (Chapter 5.0). Finally, the HMT activity must be 

determined using a radioactive assay to measure the activity of PRDM9 and PRDM7.  
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Chapter 7.0 General Discussion  

7.1 RT-PCR analysis of potential CT genes in normal and cancer 

tissues 

The identification and characterisation of novel cancer-specific biomarkers and/or targets is 

a key challenge for the successful development of diagnostic, prognostic and 

immunotherapeutic strategies aimed at tumour rejection (Feichtinger et al., 2012a; 

Krishnadas, Bai and Lucas, 2013). These factors are of particular interest because cancer is 

typically diagnosed and treated in its late stages, when cancer cells have spread within the 

body and become metastatic (Suri, 2006; Aly, 2012).   

Cancer-germline (CG) genes or CT antigen genes have been identified as an attractive group 

of genes which encode proteins that are restricted in their expression to the human testis 

and malignant tumours, and are not expressed in normal somatic cells (Old, 2001; Simpson 

et al., 2005; Feichtinger et al., 2012a; Whitehurst, 2014). Rousseaux and co-workers have 

shown an association between aberrant expression of a sub class of 26 testis-

specific/placenta specific (TS/PS) genes in 293 lung cancer patients and aggressive, 

metastasis prone tumours with poor prognosis in all stages of disease (For more details, see 

Rousseaux et al., 2013b). A study by Whitehurst and colleagues (2007) further identified a 

number of CT genes capable of driving chemoresistance of lung cancer cells, suggesting that 

CT genes might be involved in chemotherapeutic resistance (see details in Whitehurst et al., 

2007). A study by Janic et al. (2010) in Drosophila melanogaster showed that inactivation of 

some of cancer-germline (CG) genes reduced the tumour-suppressing capability, indicating 

that activation of these genes in cancer cells might be associated with tumour development 

(Janic et al., 2010). Additionally, a recent study has shown that cancer cells maintain 

telomeres via induction of a set of meiosis-specific functions (Cho et al., 2014). For these 

reasons, we hypothesis that CT genes represent an excellent source for early cancer 

diagnostic and/or therapeutic strategies. Consequently, new candidate CT genes need to be 

identified to improve cancer immunotherapy.  
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In the present study, two approaches were taken to identify new CTA genes. The first 

approach was based on a manual search of the literature for meiosis-specific genes, which 

were considered to be a rich source of possible CTA genes. The second approach was based 

on a systematic approach that used a bioinformatics pipeline (developed by J. Feichtinger; 

Feichtinger et al., 2012b; 2014b). 

A total of 24 candidate genes were tested using RT-PCR analysis in a range of normal and 

cancer human tissues. The RT-PCR analysis of these genes identified 7 testis-restricted genes; 

5 potential CT antigen genes; 2 CT/CNS-restricted genes; one CT-selective gene; and 2 

CT/CNS-selective genes. Of these 24 candidate genes, 7 were identified to express in more 

than two normal human tissues and were excluded from further analysis in cancer tissues.  

The seven testis-restricted genes were expressed only in normal human testis but were not 

detected in other normal and cancer tissues. (These genes, however, might be expressed in 

other cancer tissues not included in the present project). These seven genes were 

investigated in clinical samples derived from patients using a clinical meta-analysis 

microarray web tools (CancerMA, http://www.cancerma.org.uk/; Feichtinger et al., 2012b). 

Five of the seven testis-restricted genes (C4orf17, C16orf92, DDX4, IQCF3 and NT5C1B) were 

expressed in different types of clinical cancer samples, whereas ARRDC5 and TMEM202 were 

not present on this array.  

Importantly, 10 of the 24 identified genes in the present study were identified as potential 

novel CT genes with restricted expression to the normal testis and a wide range of cancer cell 

lines/tissues. Five of the 10 novel CT genes were expressed in no more than two non-testis 

tissues. The aberrant expression of these genes in some normal tissues might reflect the 

“normal” RNA. A study by Chen et al., (2005) showed different CT gene expression in similar 

normal human tissues but obtained from different sources (Chen et al., 2005b; Feichtinger et 

al., 2012a). The other explanation is that these genes might have a mitotic function in 

additional to their meiosis-specific function.  

These 10 genes were also analysed in clinically normal vs. cancer samples using meta-

analysis microarray tools. Four genes (C9orf11, ODF4, PRDM7 and PRSS5) showed up-

regulation in different types of clinical samples, which could mean that they are useful target 

http://www.cancerma.org.uk/
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genes for cancer therapeutic strategies. All genes identified in the present project are 

located on autosomes, with exception of MAGE-B5, which is X encoded. This opens up a new 

possibility for their oncogenic activities and tumour distribution, as they are not subjected to 

meiotic X inactivation (Feichtinger et al., 2012a).   

Several of the genes identified in the current project encode proteins with uncharacterised 

functions. Therefore, further investigations are required to determine the biological function 

of these genes in cancer cells (e.g., C12orf12). In contrast, other identified genes have known 

functions in meiosis or belong to families involved in oncogenic activity. For example, in the 

present work, RT-PCR analysis revealed that TDRD12 was expressed only in the embryonic 

carcinoma cell line (NT2) as well as in the normal testis tissue. In mice, an involvement of 

TDRD12 was identified in Piwi-interacting RNAs (piRNAs) as an association between TDRD1 

and Piwi protein MILI (PIWIL2)(Pandey et al., 2013). PIWIL2 was demonstrated in 

precancerous stem cells (pCSCs) and also as CT gene expressed in a wide range of human and 

mouse cancer cells. It might play a role as putative proto-oncogenes promoting cell 

proliferation, damage repair and differentiation of cancer cells (Ye et al., 2010; Shi et al., 

2013). Taking all these facts together, TDRD12 showed potential as a target for early 

diagnostics and anticancer drug development in the treatment of (embryonal carcinoma) 

germ line tumours. However, further analysis is required to investigate its association with 

PIWIL2 in promoting tumorigenesis. 

In the current study, the expression of potential CT genes were observed in breast cancer, 

colon cancer and melanoma tissues. However, the vast majority of these genes were 

identified to express in ovarian cancer either by RT-PCR analysis or meta-analysis. Ovarian 

cancers are often treated using cytoreductive surgery followed by chemotherapy or radiation 

treatment (reviewed in Mirandola et al., 2011; Sammut et al., 2014; Tse et al., 2014). High 

grade tumours have less probability of eradication by surgical treatment. These genes might 

be used as an early detection biomarker and also might serve as therapeutic targets. 

In the present study, DDX4 for example was identified as testis-restricted genes using RT-PCR 

analysis in normal and cancer tissues. Use of the clinical meta-analysis microarray dataset 

identified up-regulation of DDX4 in patients with ovarian cancer. DDX4 (known as Vasa) is 
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germ cell marker encoded protein that is restricted to the germline cells (Castrillon et al., 

2000). It is an RNA helicase involved in different cellular processes including alteration of 

RNA secondary structure (reviewed in Kim et al., 2014). A study by Hashimoto and co-worker 

(2008) identified the over-expression of DDX4 in 21 of 75 epithelial ovarian cancers. 

Overexpression of DDX4 in ovarian cancer was found to disturb the G2 checkpoint and 

induce DNA damage through down-regulation of 14-3-3 σ expression (Hashimoto et al., 

2008). Recent work found that DDX4 also serves as a potential ovarian cancer stem cell 

marker. It co-localized with and had approximately the same expression patterns as the 

ovarian cancer stem marker CD133 protein (reviewed in Kim et al., 2014).  

Another study in D. melanogaster showed that an oncogenic soma-to-germline transition of 

germline genes that are expressed in brain tumours is required to promote tumourigenesis 

(Janic et al., 2010). Furthermore, Feichtinger and co-workers (2014) investigated the human 

orthologues of these germline genes (e.g., DDX4) and identified extensive up-regulation of 

these genes in different types of human tumours, although the functional implications for 

oncogenesis of this up-regulation remains unclear (Feichtinger et al., 2014 b). 

7.2 Regulation of the expression of CTA genes in colorectal cancer 

cells using epigenetic inhibitors 

Epigenetic mechanisms regulate gene expression and normal mammalian cell development 

(Nottke et al., 2009; Meikar et al., 2013). CT genes are usually co-expressed in positive 

tumours, which suggests that their activation in cancers is not due to individual events but 

arises due to global gene activation mechanisms (De Smet et al., 1999; De Smet and Loriot, 

2013). One interesting theory suggested that activation of a gametogenic programme during 

tumourigenesis might be a result of switching on of master germline genes, particularly 

those that directly control genome demethylation. This, in turn, might lead to widespread 

activation of silenced CT genes in somatic tissues (Old, 2001; Simpson et al., 2005).   

Regulation of the CT genes is proposed to occur at the transcriptional level by epigenetic 

signals that affect repeated sequences as well as single copy genes, thereby potentially 

leading to alteration of gene expression in cancers (De Smet et al., 1999; De Smet and Loriot, 

2013). Understanding CT gene expression is critical as drug-induced augmentation of 
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expression has also been postulated to be a potential enhancer of immunotherapeutics, the 

rationale being that further up-regulation of a tumour-specific antigen will result in 

enhanced immunological targeting of the tumour (Almatrafi et al., 2014). For example, the 

expression of NY-ESO-1 was reactivated in different types of cancers, using the DNA 

demethylation inhibitor 5-AZA-CdR (reviewed in Karpf, 2006). NY-ESO-1 gene product has 

been successfully targeted in an adoptive therapeutic approaches to melanoma therapy (for 

details, see Hunder et al., 2008).   

In this study, we examined the influence of DNA demethylation and/or histone deacetylation 

on the expression of the 11 potential novel CT genes (meiCT genes) identified in Chapter 3.0 

and five genes previously published by Feichtinger et al., (2012a). Treatment of HCT116 and 

SW480 cells with epigenetic inhibitors appeared to induce the expression of 10 out of the 16 

candidate CTA genes. These genes were previously classified, based on their RT-PCR results 

in Chapter 3.0, into different classes. The treatment led to activated expression of two of the 

six testis-restricted genes; five of the seven cancer/testis-restricted genes; and all three 

cancer/testis-CNS restricted genes. However, six genes showed no change in their 

expression, suggesting that regulation of these genes occurs by an as yet unknown 

mechanism. In addition, treatment of HCT116 and SW480 cells with 5-AZA-CdR, followed by 

culture in drug-free medium for 10 days, showed that the activation of TDRD12 and STRA8 

continued to be observed after 3, 6 and 9 days of cell growth in drug free medium, whereas 

C20orf201 and DDX4 disappeared after 3 days of cell culture in drug free medium.  

The sensitivity of CT genes to epigenetic modulator inhibitors, such as methylation drugs, 

probably involves the CpG-rich islands that frequently occur in their promoter regions (De 

Smet et al., 1999; De Smet and Loriot, 2013). DNA methylation has little effect on genes with 

promoter regions containing low densities of CpG islands. These latter genes frequently 

show no consistent relationship between promoter methylation and transcriptional silencing 

(Boyes and Bird 1992; De Smet and Loriot, 2013). 

The relationship between CpG islands and promoter gene methylation was identified by 

using the UCSC Genome Browser bioinformatics website (https://genome.ucsc.edu/; 

Gardiner-Garden and Frommer, 1987) to predict the CpG islands of the 16 CTAs in this study. 

https://genome.ucsc.edu/


Chapter 7.0  General Discussion 

265 
 

Six of 16 genes showed rich CpG islands, whereas 10 genes showed no CpG islands. A search 

for CpG islands upstream of the TDRD12 and STRA8 promoter regions predicted two CpG 

islands in the TSS of both TDRD12 and STRA8. This observation supports the idea that DNA 

hypomethylation activates TDRD12 and STRA8 via their CpG-rich islands (Almatrafi et al., 

2014). 

The regulation of CTA expression does not simply rely on the presence or absence of 

methylation target CpG islands within promoter regions. Analysis of the TSS upstream of an 

inactivated CT gene after 5-AZA-CdR treatment revealed at least two genes, ARRDC5 and 

NT5C1B, reported to have CpG islands in their transcriptional promoter regions 

[https://genome.ucsc.edu/]. Therefore, a very broad range of regulatory mechanisms likely 

exists for the control of CT gene regulation, which has implications for CT gene selection for 

clinical targeting strategies. The mechanistic regulatory pathways might also indicate the 

existence of co-regulated sub-groups of CT genes, which would have implications for the 

study of these genes as biomarkers, potential oncogenes and/or encoders of drug targets. 

Some CT genes are also required for tumour cell proliferation; therefore, turning off these 

genes could reduce the proliferation-mediated burden of tumours, thereby restricting their 

disease effect and/or enhancing other therapeutic approaches (Almatrafi et al., 2014). 

7.3 Function analysis of the PRDM7 and PRDM9 genes 

7.3.1 Comparing PRDM7 and PRDM9 expression  

In humans and mice, PRDM9 has been identified as the major protein that binds to the 

degenerated 13-mer motifs hotspots through its zinc finger array (Baudat et al., 2010; Myers 

et al., 2010; Parvanov et al., 2010). In mice, disruption of Prdm9/Meisetz leads to hybrid 

sterility in both sexes resulting from a severe deficiency in the DSB repair pathway, deficient 

pairing of homologues and failure of sex body formation (Hayashi et al., 2005). Recently, 

Feichtinger and co-worker (2012) demonstrated that PRDM9 was expressed in a wide range 

of cancer cell lines/tissues, but was not expressed in normal human tissues and classified as a 

meiCT gene encoded protein that could serve as a potential CT antigen biomarker/target 

(Feichtinger et al., 2012a). 
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In the current study, PRDM7, the paralogous gene of PRDM9, was identified as a CT gene 

with restricted expression to the testis, melanoma and leukaemia. Gene alignment of 

PRDM7/9 identified a high similarity in the DNA sequence, with the key difference being an 

89-nucleotide duplicon that occurred only in PRDM7. RT-PCR analysis carried out on PRDM9 

and PRDM7 using distinguishing primers showed that both genes were co-expressed in 

leukaemia K-562 cells, with no expression observed in non-testis normal human tissues.   

A study by Berg and colleagues (2010) showed that variation within the PRDM9 zinc finger 

array strongly affected the human sperm hotspot activity. A sub-change in the zinc finger 

sequence lead to activation of new hotspots and creation of some nonactivated hotspots. 

The study suggested that PRDM9 might be a risk factor for creating genomic instability due 

to it roles in meiotic recombination (Berg et al., 2010). Recent research found that a rare 

PRDM9 allele was associated with the development of childhood B- cell precursor acute 

lymphoblastic leukaemia (B-ALL). The study found that parents carrying the rare PRDM9 

alleles transmitted them to half of their affected children, which indicated these alleles may 

act in meiosis (Hussin et al. 2013). Further genome-wide association studies showed that a 

few germline single nucleotide polymorphisms (SNPs) were associated with childhood ALL 

(reviewed in Woodward et al. 2014).  

7.3.2 Is PRDM9 a transcriptional activator in cancer cells? 

In addition to its function as a hotspot activator, PRDM9 was suggested to serve as a 

transcriptional regulation protein that regulates the expression of a group of meiosis 

prophase genes through its H3K4 trimethylation reaction. The evidence came from a study in 

mice showed that disruption of Prdm9 -/- led to direct regulation of the expression of the 

testis-specific RIK gene (also term Morc2b) (Hayashi et al., 2005). Morc2b has a GHKL ATPase 

domain in its N-terminal region, which is conserved among topoisomerase, histidine kinase, 

DNA mismatch repair and HSP90 proteins (Dutta and Inouye, 2000; Hayashi et al., 2005). In 

this study, the result of RT-PCR analysis of the human MORC family genes revealed 

expression patterns for these genes that differed from those seen for PRDM9 in the normal 

and cancer tissues. Therefore, PRDM9 may have no involvement in the direct regulation of 

these genes in human normal and cancers.   
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The full open reading frames of PRDM7 and PRDM9 were cloned and overexpressed in a 

HeLa Tet-on 3G system to identify their transcriptional activity. The transcriptional regulation 

of PRDM9 was identified by analysing 33 genes using the cDNA of overexpressed PRDM9 

gene. No significant result was observed in the RT-PCR analysis of 32 genes, which included 4 

genes of the MORC family, 13 known meiosis-specific genes, 5 genes of the PRDM family and 

the 11 CTA genes. The RT-PCR analysis used in this study was perhaps not sufficient to 

determine whether overexpression of PRDM9 can promote the expression of this group of 

genes. However, the expression of PRDM7 was promoted with high band intensity in 

overexpressing HeLa Tet-on 3G cells expressing PRDM9. Distinguishing primers between 

PRDM7 and PRDM9 were used to detect the expression and showed similar results. Taking 

all these factors into account, PRDM7 and PRDM9 showed similar patterns of expression in 

normal testis, leukaemia and overexpressed PRDM9 HeLa cells using RT-PCR analysis and 

might also have the same similarity at the protein level. 

One of the main features of PRDM7 and PRDM9 proteins among the other PRDM family 

proteins is the existence of a KRAB (Kruppel-association box) protein-protein binding domain 

and an SSX repression domain. The KRAB/SSXRD domain belongs to a synovial sarcoma X 

breakpoint protein family, which is normally associated with transcriptional repressors (Birtle 

and Ponting, 2006; Oliver et al., 2009). The KRAB/SSXRD domain was identified in one the 

most well-known CT gene families, the SSX family. The expression of SSX family genes was 

observed in a wide range of cancer cells and associated with advanced stages of tumours and 

worse patient prognosis (reviewed in Smith and McNeel, 2010).  

PRDM9 protein was detected in nearly all the cancer cell lines investigated in this study. 

PRDM9 was also shown to localise in the nucleus of three cancer cells lines and in the 

cytoplasm in NT2 cells. Unfortunately, the lack of a specific antibody to PRDM7 protein 

precluded any further evaluation of PRDM7 in this study. PRDM9 knockdown was shown in 

some cancer cell lines but it failed in others. However, the PRDM9 siRNA knockdown results 

need to be verified.  This could be done using a new anti-PRDM9 antibody or better protein 

control such as Ponceau S protein stain. This stain total protein in the membrane and can 

verify the loading and transfer. 
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The aberrant expression of PRDM9 in cancer cells raises a question regarding its function in 

cancer and suggests that it might play a role as an oncogenic activator protein. Cancer cells 

and germline cells typically exhibit sharing of some common features including rapid 

proliferation, enabling replicative immortality and the ability to exist in an undifferentiated 

state (Wu and Ruvkun, 2010). A study by Janic et al. (2010) in D. melanogaster showed that 

mutation in the tumour suppressor gene lethal (3) malignant brain tumor [1(3)mbt] led to 

the formation of brain tumours in Drosophila. They found that one-fourth of the activated 

genes were associated with germline function. They suggested that activation of some of 

these germline genes led to tumour development (Janic et al., 2010). Subsequently, the 

human orthologues of these germline genes were identified as also being extensively 

activated in different types of human tumours (Feichtinger et al., 2014b). Both studies 

proposed a soma-to-germline transition in Drosophila and human cancers that drives 

oncogenic mitotic proliferation cells, resulting in activation of master germline genes in 

cancer cells.  

7.3.3 Histone methyltransferase activity of human PRDM7 and PRDM9 

proteins 

In addition to the multiple zinc finger arrays and the KRAB (Kruppel-association box) protein-

protein binding domain, the PRDM7 and PRDM9 proteins are characterized as having a 

PR/SET domain, which consists of histone lysine methyltransferase activity (reviewed in 

Fumasoni et al., 2007; Baudat et al., 2013). A study in mice demonstrated that Prdm9 

encodes a histone methyltransferase activity at the PR/SET domain for trimethylation of 

lysine 4 of Histone H3 (H3K4) and is associated with transcriptional activity modification 

(Hayashi et al., 2005). In the current study, the full open reading frames of PRDM7 and 

PRDM9 were successfully cloned and overexpressed into E. coli. Several attempts were made 

to purify the fusion PRDM7 and PRDM9 proteins but all attempts to produce soluble proteins 

failed and led to production of insoluble proteins that were difficult to purify. Generally, 

failure of E. coli to produce soluble proteins might be a result of improper protein folding 

that occurred during the protein production (Baneyx and Mujacic, 2004). E. coli has limited 

tolerance of proteins larger than >70 kDa as this leads to misfolding of the large recombinant 
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protein (Baneyx and Mujacic, 2004). This might explain why PRDM7 and PRDM9 were 

produced as inclusion bodies, due to their sizes [PRDM9 (≈128 kDa) and PRDM7 (≈81.7 kDa)].  

However, more recently, human PRDM9 protein was demonstrated in vitro to have high 

activity of mono-, di-, and trimethylation of the H3K4 marker. In addition, PRDM9 was 

identified to have histone 3 lysine 36 (H3K36) activity as a second histone residue, which 

might also have mono-, di- and trimethylation of H3K36 activity. The study also identified 

that overexpression of PRDM9 in HEK293 cells led to significant increases in trimethylated 

H3K4 and H3K36 (Eram et al., 2014). Furthermore, PRDM9 was found to methylate the other 

core histones, H2A, H2B and H4, although to a lesser degree than with H3. A single C321P 

mutation in the PR/SET domain led to weak activity of PRDM9 through inhibition of 

interaction with S-adenosylmethionine (SAM) (Wu et al., 2013, Xiaoying et al., 2014). 

The trimethylated H3K36 is associated with transcription of active euchromatin and is 

involved in different cell processes such as alternative splicing and elongation, regulation of 

DNA replication and DNA mismatch repair (reviewed in Wagner and Carpenter, 2012). For 

example, the SET domain containing protein 2 (STED2) was found to have trimethylated 

H3K36 activity (Edmunds et al., 2008). STED2 behaves like a tumour suppressor in breast 

cancer (Newbold and Mokbel, 2010) and renal cell carcinoma (Duns et al., 2010) and is 

expressed in the testis (Anand and Prasad 2012). This raises many questions about the role 

of PRDM9 in cancer cells. Is PRDM9 activate of the gametogenesis program in cancer cells? 

Does induction increase the trimethylation of H3K4 and H3K36, which control the 

transcriptional activity of many genes? Is the expression of PRDM7 and PRDM9 in different 

types of cancer a result of single/multiple mutation or could it be epigenetic modification? 

Further investigation should be carried out as these might be potential biomarkers/targets 

for immunotherapeutic strategies.  

In summary, this study focused on the identification of novel CTA genes as potential 

target/biomarkers for early diagnostic, prognostic and immunotherapeutic strategies for 

cancer treatment. In total, 15 CT genes were identified as promising biomarkers/targets for 

therapeutic strategies. However, further study should be carried out in the future to identify 

their biological roles in cancer cells. In addition, this work identified a sub-class of CT genes 
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that show transcriptional silencing that is refractory to the hypomethylation drug 5-aza-2ˈ-

deoxycytidine. We also established an in vivo overexpression system for PRDM7 and PRDM9 

using a HeLa Tet on 3G system, as well as an in vitro overexpression system for these genes 

in E. coli cells. Further work using these two systems is needed for in vivo or in vitro 

identification of the biological roles of PRDM7 and PRDM9.  
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7.4 Future directions 

Due to time limitations, further studies regarding the present project are recommended for 

investigation in the future:  

 
1. qRT-PCR, western blot analysis and immunohistochemistry should be used to identify 

the encoded proteins of CT genes identified in Chapter 3.0. These CT genes could be 

new potential targets/biomarkers for early diagnostic and therapeutic strategies.  

2. Potential CT genes should also validated in tumours derived from the patients, as 

these will be more clinically applicable compared to cancer cell lines. 

3. Methylation specific PCR (MSP) and/or Bisulphite-sequencing PCR (BSP) might be 

carried out on the candidate genes studied in Chapter 4.0 to investigate the 

methylation of CpG islands in their promoters.  

4. Western blot analysis and immunohistochemistry should be carried out in normal and 

cancer human cells using specific antibodies that have no cross reactivity between 

PRDM7 and PRDM9. Anti 6x His antibody should also be used on HeLa Tet-on 3G with 

transgenic PRDM9 or PRDM7 (I)/ (II), as these clones contain a 6x His tag sequence at 

their C-terminal. 

5. Investigations using qRT-PCR should be carried out to determine the effects of 

PRDM7 overexpression on PRDM9 gene expression. These qRT-PCR studies might 

also be carried out in overexpressed PRDM9 cells to determine if any effect occurs in 

the expression of other genes.  

6. RNA sequencing should performed in overexpressed HeLa Tet-on 3G cells to identify 

the transcriptional activity of PRDM9, if it exists.  
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