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1 Abstract 

Detection of nucleotide sequence variations in patients of some diseases, 

provides strong evidence as to which genes and regulatory elements play a critical role 

in vivo. Acute Myeloid Leukaemia (AML) is a fast acting blood cancer acquired in the 

myeloid lineage. It can be caused by a number of genetic mutations or chromosome 

translocations, many of which are prognostically informative. However, because the 

molecular events that lead to the development and pathology of this leukaemia have 

thus far not been completely defined, difficulties arise in providing prognoses to AML 

patients without well-known mutations. Although AML subtypes are highly variable, 

the outlook is poor, with the majority of patients dying from the disease.  

The developmental transcription factor RUNX1/AML1 is a well-known 

leukaemia-associated gene. Runx1 is an important regulator of haematopoiesis in 

vertebrates; it is crucial for early myeloid differentiation, and plays a vital role in adult 

blood development. Disruptions to the RUNX1 gene are frequently associated with 

AML. Despite the well-established role of RUNX1 in haematopoiesis and disease 

contribution, the cis-regulatory mechanisms that modulate RUNX1 require further 

elucidation. In cases where no mutation is found in the coding sequence, there may 

instead be mutations in regulatory sequence, for example conserved non protein-coding 

DNA elements (CNEs) that affect gene function. 

Several research groups have identified an intronic Runx1 enhancer in mice, 

Runx1 +24 mouse conserved non-coding element (mCNE). The discovery of +24 

mCNE as a haemogenic endothelial cell-specific enhancer in mouse and zebrafish 

embryos provided an insight into a mechanism for the tissue-specific transcriptional 

regulation of Runx1. Ng et al., (2010) then used comparative genomics to identify ten 
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further putative Runx1 cis-regulatory elements. In light of the identified +24 enhancer, 

this project set out to investigate the functions other mCNEs detected by Ng et al., 

(2010). 

From the ten putative mCNEs described by Ng et al., (2010), five were selected 

for further investigation, with +24 acting as a positive control (-368, -101, +58.5, +110, 

+110.5-2 mCNEs). To investigate the putative cis-regulatory role of previously 

identified mCNEs in vivo, reporter constructs were used in zebrafish embryos, as well 

as human and mice cell lines. These reporter constructs provided evidence that the 

selected mCNEs do not act as ‘insulators’, which block transcription. However, 

potential enhancer activity was observed in the zebrafish assays from four of the 

mCNEs (-368, -101, +110, +24). Cell-specific enhancer assays indicated that one of the 

mCNEs, +110, might act as a heart specific enhancer, while another (-368 mCNE) 

could represent a blood specific enhancer. Cell culture reporter assays confirmed the 

enhancer activity of the +24 and +110 mCNEs. Further studies are required to validate 

functional roles of the other mCNEs and their interaction with Runx1.  

This study has provided novel evidence that +110 mCNE may act as a heart 

specific enhancer of Runx1, and showed that none of the mCNEs act as insulators. 

Preliminary data from zebrafish in this project suggests that further analysis of the 

mCNEs will provide insight into the elaborate orchestration of Runx1 regulation, as 

well as elucidate the genetic roles of RUNX1 and cis-regulatory elements in AML 

development.  
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1 Chapter 1 

Introduction 
All vertebrates require blood to flow through their circulatory systems; not only 

does it carry nutrients to all cells in the body, it also provides defence against foreign 

pathogens.  

1.1 Haematopoiesis  

Haematopoiesis is the formation of blood cellular components, which are all 

derived from haematopoietic stem cells (HSCs). The process of haematopoiesis is 

largely conserved throughout vertebrate evolution (Davidson et al., 2004). In vertebrate 

embryos, haematopoiesis occurs in two successive waves: “primitive” and “definitive” 

(Orkin et al., 2008). Each wave occurs in anatomically distinct locations (Figure 1.1). 

Primitive haematopoiesis is the initial wave of blood production, and in mammals 

occurs in the embryonic yolk sac (Figure 1.1A) (Davidson et al., 2004). The primary 

function of primitive haematopoiesis is the production of red blood cells (erythroid 

cells), which facilitate tissue oxygenation as the embryo undergoes rapid growth (Orkin 

et al., 2008). This initial wave is transient and rapidly replaced by the adult-type 

definitive haematopoiesis. Definitive haematopoiesis is the life-long production of all 

blood cells. In mammals, the site of definitive haematopoiesis is the aorta-gonad 

mesonephros (AGM) region (Figure 1.1B) (Martin et al., 2011). Subsequent definitive 

haematopoiesis involves the colonisation of the fetal liver (Figure 1.1B) and then 

finally the permanent HSC location, the bone marrow (Figure 1.1C). Initial production 

of B- and T- lymphocytes occurs in bone marrow, and then cells migrate to other sites 

to complete development (Germain, 2002; Loder et al., 1999).  
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Figure 1.1: Schematic of haematopoiesis cell generation locations during human development. A) 

Primitive haematopoeisis occurs in the yolk sac blood island (blue) 16-17 days post conception (pc). B) 

Definitive haematopoiesis begins first in the Aorta-gonad-mesonephros (purple) 4 weeks pc, then in the 

fetal liver (orange) 5 weeks pc. C) Bone marrow (pink) is the lifelong source of adult definitive 

haematopoiesis from 12 weeks pc. The thymus (yellow) is the site of T lymphocyte development, 

whereas the spleen (brown) develops B lymphocytes. 

Stem cells are required during an organism’s life to replenish precursors of 

multiple lineages, as mature blood cells are predominantly short lived (Orkin et al., 

2008). HSCs must self-renew to maintain their own population as well as produce 

differentiated blood cells. In adult humans and mice, a limited number of HSCs reside 

in the bone marrow and commence the cascade of cell differentiation (Albacker et al., 

2009). HSCs are at the root of the hierarchy of progenitor cells that become gradually 

differentiated into separate lineages (Figure 1.2). 

It is well established that a number of transcription factors are required to 

regulate the fate determination of haematopoietic stem cell populations. These 
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transcription factors include (but are not limited to) Tal1, Runx1, Gata1, Gata2, Lmo2, 

Notch And C-Myb in most vertebrates (Okuda et al., 2001).  

Interestingly, disruption of RUNX1 results in the complete loss of definitive 

haematopoiesis in all lineages (Kalev-Zylinska et al., 2002). RUNX1 (runt-related 

transcription factor 1 is also known as AML1 (acute myeloid leukaemia 1 protein), as it 

was originally cloned from a chromosomal breakpoint, commonly associated with 

acute myeloid leukaemia (Okuda et al., 2001).  

 

Figure 1.2: Vertebrate definitive haematopoiesis cell development pathways. Haematopoietic stem 

cells reside in the bone marrow in adult mammals and yield blood precursors devoted to unilineage 

differentiation and production of mature blood cells. HSCs are also capable of self-renewal. The 

transcription factors (Tal1, Runx1, Gata1, Gata2, Lmo2, Notch And C-Myb) regulate the fate of 

haematopoietic cell populations. Myeloid cell lines are highlighted in yellow. Granulocytes represent 

neutrophils, eosinophils and basophils. 
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1.2 Acute myeloid leukaemia  

Leukaemia is a common name given to a group of cancers, characterised by 

their development in the bone marrow and blood cells. Leukaemia arises when normal 

haematopoiesis is dysregulated, and one cell type is able to proliferate in excess. 

Leukaemia is generally classified according to the cell lineage in which the cancer 

began, myeloid or lymphoid (Figure 1.2). The cancer can then be distinguished into two 

types: acute leukaemia, which is considered to develop and progress at a fast pace and 

chronic leukaemia, which develops over a longer time period (Teittinen et al., 2012).  

Acute myeloid leukaemia (AML) is therefore a fast developing leukaemia, 

which occurs in the myeloid cell lineage. Whilst it is mostly found in individuals over 

65, AML encompasses 15-20 % of childhood cases (O'Donnell et al., 2012).  

Chromosomal translocations and variations such as t(9;21), t(9;11), t(8;21), 

inv(16), t(15;17) are clinically distinctive in AMLs and suggest a genetic basis to 

leukaemogenesis. Major chromosome abnormalities only account for 45 % of AML 

cases (Betz et al., 2010). AML genomes have fewer mutations than most other adult 

cancers, with a total of 23 genes significantly mutated (CGARN, 2013). Molecular 

classification of AMLs can offer prognostic information (Betz et al., 2010).  

The molecular events that lead to the development and pathology of this 

leukaemia have thus far not been completely defined. Therefore, difficulties arise in 

providing prognoses to AML patients without well-known mutations. 

Mutations in known leukaemia genes have not been found for 25 % of AMLs 

(Shen et al., 2011). Changes in gene regulation, rather than in protein-coding sequence, 

may explain why not all instances of leukaemia harbour mutations in known genes. The 

differentiation of blood cells from a common progenitor relies upon the differential 
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expression of key haematopoietic genes. Mutations in these key genes, or changes to 

their regulation, could therefore alter normal blood development, and lead to the 

development of leukaemia. 

1.2.1 The two-hit hypothesis 

The conventional model of leukaemogenesis was the “two-hit hypothesis”, 

which suggested that two different types of genetic mutations were required for 

malignant transformation of the myeloid precursor (Jordan, 2002). Class I mutations 

were proposed to lead to uncontrolled cellular proliferation and evasion of apoptosis. 

Class II are associated with inhibition of differentiation. It is suggested that class I 

mutations on their own lead to myeloproliferative diseases, whereas class II alone may 

lead to the development of myelodysplastic syndromes (Conway O’Brien et al., 2014).  

Mutations in genes related to epigenetic control of the genome including DNA 

methylation and histone modification have been found in a significant proportion of 

AML patients (Shih et al., 2012). These mutations do not belong to class I or II. It is 

also suggested that mutations have to occur at a certain point in cell development and in 

a particular order to progress to leukaemia (Murati et al., 2012). This evidence implies 

the “two-hit hypothesis” is an oversimplification of a more complex process. In order to 

define new models for AML development each novel mutation and its potential roles 

need to be thoroughly evaluated. 

1.2.2 AML patient survival and treatment 

The genetic and epigenetic profile of malignant cells influences the risk of 

relapse and the probability of achieving remission (Conway O’Brien et al., 2014). 

Although AML subtypes are highly variable, the outlook for most is grim. For patients 
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aged 65 and under, the overall 5-year survival rate is approximately 40-45 %, and 10-

15 % for those over 65 (Ferrara et al., 2013).  

Conventional treatment for AML is intensive chemotherapy and, depending on 

the genetic profile, bone marrow transplantation (Ferrara et al., 2008). The selection of 

cytotoxic chemotherapy drugs used depends on the age and karyotype of the patient 

(Ferrara et al., 2013). Chemotherapy drugs target proliferating cells, however other 

cells rapidly divide including those in bone marrow, gastrointestinal mucosa, hair 

follicles and gonads, which results in adverse side effects (Corrie, 2008). 

 Advanced age in most patients affects their ability to survive the side effects of 

chemotherapy (Ferrara et al., 2008). Major advances in supportive care have been 

developed including; high quality platelet transfusions and elimination of post 

transfusion hepatitis, as well as improved antibiotic, antifungal, and antiviral drugs to 

reduce infections (Ferrara et al., 2013). Despite incremental improvements to AML 

treatment, up to half of patients still die from this disease. Improved knowledge of the 

complex disease mechanisms may identify potential therapeutic targets and refine 

treatment strategies, thus increase survival rates. 

1.2.3 Cohesin mutation contributes to AML 

Cohesin, a chromosome-associated protein complex, is mutated, overexpressed 

or has reduced function in several cancer types including breast, prostate, colorectal and 

myeloid leukaemia (Rhodes et al., 2011; Welch et al., 2012). Several studies identify 

cohesin mutations in myeloid malignancies, providing evidence of a role for cohesin in 

pathogenesis (CGARN, 2013; Kon et al., 2013; Leeke et al., 2014; Rocquain et al., 

2010; Thol et al., 2014; Welch et al., 2012).  
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 Deep sequencing of AML samples by the Cancer Genome Atlas Research 

Network (TCGA) has revealed 13 % of AML had mutations in subunits or regulators of 

the cohesin complex (CGARN, 2013). Additionally, Thota et al., (2014) found that 12 

% of myeloid malignancy patients have somatic cohesin defects and a further 15 % of 

patients had low cohesin expression (Thota et al., 2014). Despite cohesin’s known role 

in sister chromatid cohesion, myeloid malignancies with cohesin mutations were no 

more likely to be aneuploid than leukaemias harbouring other mutations (Kon et al., 

2013). Welch et al., (2012) and TCGA highlighted that cohesin mutations mainly arose 

in immature forms of AML. Similarly Kon et al., (2013) and Thol et al., (2014) 

indicate that cohesin mutations occur early in leukaemogenesis. Yoshida et al., (2013) 

observed  that Down’s syndrome patients with acute megakaryoblastic leukaemia (DS 

AMKL) contained three copies of the RUNX1 gene, together with high frequencies of 

cohesin mutations. Collectively these studies provide evidence that cohesin mutations 

are a causal event in acute myeloid oncogenesis.  

Overall these findings implicate cohesin mutations as a putative genetic 

pathway for development of AML, but how the disease arises from these mutations has 

not been determined. Cohesin mutations co-occur with other leukaemogenic genes 

indicating cooperation between pathways (Welch et al., 2012). One possibility is that 

impairment of cohesin’s regulatory role leads to dysregulation of other important 

leukaemogenic genes.  

1.3  RUNX1 is a cohesin-regulated leukaemia gene. 

The developmental transcription factor RUNX1/AML1 has been identified as a 

classic leukaemia gene (Okuda et al., 2001). RUNX1 belongs to the family of Runx 

transcription factors (TFs), which are crucial for the development of different tissues. 
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As well as haematopoiesis, RUNX1 plays a role in development of dorsal root ganglia, 

cranial sensory neurons, myofibroblasts and mesenchymal stem cells (K.-i. Inoue et al., 

2008; W. Kim et al., 2014; Kramer et al., 2006; Theriault et al., 2004). Runx genes are 

highly conserved across a broad range of vertebrate organisms (Figure 1.3). As each 

Runx protein has a specific biological function, mutations in Runx genes are often the 

cause for specific diseases. RUNX1 mutations can lead to familial platelet disorder, an 

inheritable blood disease (Ito et al., 2015). RUNX2 mutations can cause cleidocranial 

dysplasia, in which patients exhibit skeletal deformities of the collarbone, teeth and 

cranium (Ito et al., 2015). Stomach and bladder cancers can result from point mutations 

of RUNX3 (Ito et al., 2015). 

All Runx genes have two promoters, proximal (P2) and distal (P1), which are 

used to transcribe distinct isoforms of the genes (Levanon et al., 2004). Since all 

vertebrate Runx genes have this conserved dual promoter structure, it is likely to be 

critical to correct regulation (Rennert et al., 2003). In mammals, the dual promoter 

structure of Runx1 allows for the transcription of at least three diverse isoforms. 

Transcription from P2 produces Runx1a and Runx1b, whereas transcription from P1 

generates Runx1c (Figure 1.3) (Bee, Liddiard, et al., 2009). 
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Figure 1.3: Comparative genomic organisation of the Runx1 locus in human, mouse and zebrafish. 

The exons (grey) are numbered according to Marsman et al., (2014). Untranslated regions are shown as 

white boxes. Distances between promoters (black right-angled arrows) is indicated in kilobases (kb). 

Figure is from Marsman et al., (2014).  

 

Runx1 is an important regulator of haematopoiesis, and it is critical in early 

myeloid differentiation, as well as playing a vital role in adult blood development 

(Okuda et al., 2001). The Runx1 protein activates genes that help control the 

development of blood cells. In particular, it plays an important role in the development 
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of pluripotent haematopoietic stem cells that have the potential to develop into all types 

of mature blood cells. Both the specific haematopoietic and non-haematopoietic 

expression of Runx1 appear to rely on enhancer elements, as the Runx1 promoters by 

themselves in vivo are unable to drive any Runx1-specific activity (Bee, Ashley, et al., 

2009).  

1.3.1 Role of RUNX1 in AML progression 

Disruptions to the RUNX1 gene are frequently associated with AML. 

Chromosomal translocations between chromosome 8 and 21 [t(8;21)] are present in 12 

to 15 % of all AML cases (Tighe et al., 1993). The translocation produces a chimeric 

gene made up of the 5'-region of the RUNX1 gene fused to the 3'-region of the MTG8 

gene (RUNX1-MTG8) (Erickson et al., 1992; Miyoshi et al., 1993). The chimeric 

protein is thought to bind to several target genes and dysregulate haematopoiesis 

resulting in AML (Ajore et al., 2010; Gardini et al., 2008). 

RUNX1 is also targeted by point mutations and deletions. Additional mutations 

are generally required on top of RUNX1 alteration for the progression to leukaemia 

(Asou, 2003). Almost 50 % of AML cases have no cytogenetic chromosomal 

abnormalities and have a normal karyotype (Bullinger et al., 2010). Smaller mutations 

in known AML genes have not been found for 25 % of AMLs (Shen et al., 2011). 

Aberrant regulation of RUNX1 promoters was seen in the human myeloid leukaemia 

(HL-60) cell line, suggesting that promoter dysregulation may influence 

leukaemogenesis (J. Marsman et al., 2014).  

In cases where no mutation is found in the coding sequence, instead, there may 

be mutations in regulatory sequences, such as conserved non-protein coding DNA 

elements (CNEs) (Ng et al., 2010).  
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1.4 Conserved non-protein coding DNA elements 

Many genomic regions are highly conserved throughout a diverse set of 

vertebrate species. While some conserved regions correspond to coding genes and non-

coding RNAs, the remainder are unlikely to produce a functional transcript (Rebolledo-

Jaramillo et al., 2014). These sequences are known as conserved non protein-coding 

DNA elements (CNEs). Xie et al., (2007) state “the functional significance of these 

CNEs is unknown” (Xie et al., 2007). However, non-coding DNA can play critical 

roles in the regulation of gene expression, as CNEs can contain transcriptional 

regulatory modules (Deng et al., 2010). 

Though the genome is typically represented as linear for visualisation of 

annotations of its features, the genome is actually organised in three dimensions. The 

eukaryotic genome is tightly packaged to fit within the spatial constraints of a cell 

nucleus; nevertheless it must permit movement, remain flexible and allow for access of 

regulatory and transcription factors to the sequence (Deng et al., 2010).  

The three dimensional (3D) genome can influence regulation of genes at the 

transcriptional level. Trans-acting proteins bind to cis-acting regulatory DNA elements 

to control the rates of transcription (Griffiths et al., 1999). Long-range chromatin 

interactions between promoters and cis-regulatory elements can be mediated by 

scaffolding proteins and transcription factors to regulate gene expression (Phillips-

Cremins et al., 2013). Most genes display individual characteristics that determine the 

site, amount, and timing of expression throughout development and the cell cycle 

(Kadauke et al., 2009). Accurate spatiotemporal and quantitative gene expression is 

crucial for normal development and, in many cases, is achieved by the interaction of 
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promoters with cis-regulatory elements. In addition, the chromatin must be ‘open’ for 

external factors to facilitate regulatory functions of the DNA (Gilbert et al., 2004).  

There are two main types of protein regulated transcription elements: enhancers 

and insulators (Figure 1.4). Enhancers are sequences typically found in non-coding 

DNA regions that positively regulate promoters to activate transcription. Enhancers 

usually recruit specific transcription factors, chromatin remodeling proteins and RNA 

pol II (Judith Marsman et al., 2012). Enhancers are commonly identifiable by distinct 

histone modifications including Histone H3 lysine 4 monomethylation (H3K4me1), 

Histone H3 lysine 4 trimethylation (H3K4me3), Histone H3 lysine 9 acetylation 

(H3K9ac), Histone H3 lysine 36 monomethylation (H3K36me1) and Histone H3 lysine 

27 acetylation (H3K27ac) (Ong et al., 2012). The pattern of histone marks indicates 

whether an enhancer is active, inactive or poised and consequently the enhancer status 

correlates with gene activity. The location or orientation of an enhancer is independent 

of its ability to interact with a promoter. Enhancers regulate spatiotemporal gene 

expression, which subsequently directs developmental programmes, for instance those 

that differentiate stem cells into highly specialised cells (Ong et al., 2012). 

Conversely, insulators block the interaction between enhancers and promoters, 

and demarcate chromatin domains (Levine, 2010). Insulators can sequester regulatory 

elements into repressed or active domains (Splinter et al., 2006; West et al., 2002).  

CCCTC binding factor (CTCF) is a well-known vertebrate insulator protein, 

which binds specifically to a CCCTC motif (Phillips-Cremins et al., 2013). One 

example of how it functions as an insulator is by blocking the spread of 

heterochromatin into euchromatin (T. H. Kim et al., 2007). The cohesin complex 

cooperates with CTCF to promote insulator activity. Cohesin binds to CTCF sites and 
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influences gene expression (J. Marsman et al., 2014; West et al., 2002). Some sites for 

CTCF binding differ between distinct cell types, which implies cell-specific patterning 

during development that could influence cell fate.  

 

Figure 1.4: Cohesin mediated cis-regulatory DNA elements. A) An enhancer (green) is recruited to 

activate gene expression through a physical interaction with the gene promoter (black arrow). 

Transcription factors (blue) are often present for binding. B) An insulator (orange) excludes the enhancer 

from interacting with the promoter, which prevents expression. CTCF (red) can demarcate domains of 

active and inactive chromatin by binding with cohesin (multi-coloured ring) and forming long-range loop 

formations. 

 

As CNEs are conserved across many species, these regions can contain cis-

regulatory elements (enhancers or insulators). Disease-associated variants are found in 

CNEs and in genes with equal frequency making CNEs highly relevant to cancer (Ernst 

et al., 2011). This could be because a variant CNE that causes differential regulation of 

a cancer gene, can be functionally equivalent to a mutation in the coding sequence of 

the cancer gene itself. Thus, mutations in enhancers or insulators that change their 

function can lead to altered regulation of key blood development gene(s) and the onset 

of leukaemia (Stranger et al., 2007).  



	   14 

1.5 Cohesin acts with CNEs to regulate gene expression 

Cohesin is a large protein complex originally characterised for its function in 

sister chromatid cohesion, which is crucial for accurate sister chromatid segregation 

during mitosis (Downes et al., 1991). This multi-subunit protein complex also plays a 

role in DNA double strand break repair and regulation of gene expression. Cohesin 

consists of four core subunits: Smc1, Smc3, Stag1/2 and Rad21, which form a tripartite 

ring (Figure 1.5) (Feeney et al., 2010). Complete loss of cohesin function blocks 

mitosis and thereby results in cell death. 

 

Figure 1.5: Structure of cohesin complex. Smc1 (blue), Smc3 (purple), Rad21 (pink) and Stag2 

(yellow) form a tripartite ring. 

 

Cohesin regulates a great number of genes, as shown by the altered expression 

in many genes, when it is knocked down in mouse embryonic stem cells and 

Drosophila neuronal cells (Kagey et al., 2010; Schaaf et al., 2009). One of the potential 

mechanisms by which cohesin regulates cell-type specific gene expression is by 
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forming long-range interactions that form DNA loops. These chromatin loops could 

connect regulatory elements and gene promoters over large distances (Strom et al., 

2012). Depending on the nature of the regulatory elements, formation of chromatin 

loops may either facilitate or inhibit transcription from the interacting promoter. This 

can lead to cell-type and gene-type specific transcriptional programmes.  

Cohesin is also thought to act as an insulator via its co-localisation with CTCF 

(Parelho et al., 2008). Tissue-specific expression regulated by CTCF and cohesin 

mediated loop formation, has been researched in great detail at several loci. The mouse 

β-globin locus is active in the fetal liver and inactive in the fetal brain due to CTCF and 

cohesin mediated regulation (Simonis et al., 2006). CTCF binding sites sit within the β-

globin locus and CTCF binding varies depending on the cell type. Different CTCF 

binding patterns may change the 3D structure of the β-globin locus, consequentially 

altering regulation in a cell-specific manner (Phillips et al., 2009). In human cells, both 

CTCF and cohesin have been shown to be necessary for long-range loop formations 

that are cell-type specific (Hou et al., 2010).  

Mutations in cohesin could inhibit cohesin binding to regulatory elements, thus 

varying interactions with promoters and consequently gene expression. Alternatively, 

mutations in regulatory elements to which cohesin binds, could affect the binding of 

regulatory proteins and change transcription of the regulatory element’s gene target. 

1.5.1 CNEs with potential to regulate Runx1 

Several groups recognised an intronic enhancer of Runx1 specific to 

haematopoietic cells. This enhancer is variously termed +23/ +24 (Bee, Ashley, et al., 

2009; Ng et al., 2010; Nottingham et al., 2007). The naming of the element refers to the 

kilobases (kb) downstream of each group’s reference point. The inconsistency between 
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groups is because Ng et al., (2010) uses the transcriptional start site (TSS), +1 as the 

reference point, while the other groups refer to number of kbs from the ATG of the P1- 

encoded transcript. Throughout this thesis, the previously described intronic enhancer 

will be referred to as +24. 

First identified by Nottingham. et al., (2007) the +24 CNE was discovered to 

possess haematopoietic-specific enhancer activity in mouse models. Significantly, this 

enhancer was shown to be active in haemogenic endothelial cells and haematopoietic 

cell clusters in the AGM region in both mice and zebrafish (Ng et al., 2010). Bee et al., 

(2009) showed the enhancer acted with both promoters to drive HSC-specific gene 

expression (Bee, Ashley, et al., 2009). 

Ng et al., (2010) also identified the intronic Runx1 enhancer, +24 mouse 

conserved non-coding element (mCNE), using comparative genomics (Ng et al., 2010). 

Several mCNEs were discovered by identifying regions surrounding Runx1 that were 

conserved between human, mouse, rat, dog, horse, opossum, platypus, chicken, lizard, 

frog and fugu. The criterion of 70 % identity across 30 base pair (bp) or 100 bp 

windows was used to establish conservation (Ng et al., 2010). Each mCNE was also 

mapped to hotspots for retroviral insertions, because if these regions are of open 

chromatin, then retroviruses can be inserted (Santoni et al., 2010). The mCNEs were 

also analysed for DNase I hypersensitivity sites, which indicate open chromatin 

(Gilbert et al., 2004). 

Several other mCNEs with potential to influence Runx1 expression were 

identified by the Osato group at the National University of Singapore (M. Osato, 

personal communication). However, the role of these other mCNEs play in vivo has not 

yet been explored. Defining these mCNEs could identify cell- and/or stage-specific 
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Runx1 haematopoietic regulatory elements. It is possible that mutations in such CNEs 

may explain AML progression in patients who have no known protein-coding 

mutations or perhaps patients who have cohesin mutations. 

1.5.2 Cohesin and Runx1 

Horsfield et al., (2007) discovered that the tissue-specific regulation of runx1 

transcription in zebrafish was dependent on cohesin (Horsfield et al., 2007). In the 

developing zebrafish embryo, a null mutation in the rad21 subunit of cohesin prevented 

runx1 expression in the haematopoietic mesoderm, but not in Rohon-Beard neurons. 

This study provided the first evidence that the transcriptional role of cohesin is tissue-

specific in haematopoietic precursors.  

Seven years later, Marsman et al., (2014) demonstrated that zebrafish runx1 is 

directly bound by cohesin and CTCF at the promoters, and contains an intronic 

regulatory element between promoters (J. Marsman et al., 2014). This study also 

reported that cohesin depletion in zebrafish decreased the total amount of runx1 

transcript produced overall, however the relative expression of P1-regulated runx1 

increased. Similarly, they showed in the human myelocytic leukaemia (HL-60) cell 

line, that cohesin depletion enhanced RUNX1 transcription, implying that cohesin’s 

transcriptional role could be conserved in humans. 

Interestingly, Down’s syndrome patients with acute megakaryoblastic 

leukaemia (DS AMKL) contain three copies of the RUNX1 gene, as well as a curiously 

high frequency of cohesin mutations (53 %), implying that cohesin mutations may be a 

causal event in acute myeloid oncogenesis. 

The presence of RUNX1 and cohesin dysregulation in several subtypes of AML 

provides evidence that these two factors are likely to play important roles in normal and 
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abnormal haematopoiesis. Furthermore, previous studies suggest cohesin could mediate 

interactions between cis-regulatory elements and the promoters of Runx1. Previous 

research has used zebrafish to characterise the functional roles of regulatory elements in 

vivo (Bessa et al., 2009; J. Marsman et al., 2014), indicating the value of this animal 

model for studies of non-coding DNA. 

1.6 Zebrafish models for development and haematopoiesis 

 The small tropical zebrafish (Danio rerio) is an important model organism for a 

variety of studies (Bopp et al., 2006). Developmental genes are highly conserved 

among vertebrates, therefore zebrafish development is comparable to that of the mouse 

(Mus musculus) and humans (Homo sapiens) (Kari et al., 2007; Lieschke et al., 2007). 

There are several advantages of zebrafish as an animal model for research. Zebrafish 

develop rapidly and lay hundreds of eggs in each mating, allowing for large sample 

sizes. In addition, their small size means they are easy and cost-efficient to maintain 

and breed. Unlike mammals, zebrafish have externally fertilised embryos, which 

develop outside of the mother. The eggs are transparent allowing development to be 

easily visualised through a microscope (Teittinen et al., 2012).  

Zebrafish development occurs rapidly over the course of a few days (Figure 

1.6). The zygote remains at the one-cell stage for approximately 40 minutes, allowing 

for injections of reporter constructs, which can reveal gene expression in the 

developing embryo. Somites and organs begin to form at ten hours post fertilisation 

(hpf) (Albacker et al., 2009). At 48 hpf, the zebrafish begin to hatch from their clear 

chorions and by three days post fertilisation (dpf) they are swimming freely (Bopp et 

al., 2006).  
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Figure 1.6: Diagram of normal Danio rerio (zebrafish) development. A) 1-cell stage embryo 

approximately 20 minutes post fertilisation (pf). B) 2-cell stage embryo approximately 40 minutes pf. C) 

Zebrafish embryo in clear chorion approximately 36 hours pf. D) Zebrafish embryo hatched from 

chorion approximately 48 hours pf. E) Zebrafish embryo 3-5 days pf. F) Zebrafish reach adulthood at 

approximately 3-4 months pf. 

 

The entire zebrafish genome has been sequenced and around 70 % of human 

genes have at least one obvious zebrafish orthologue (Howe et al., 2013). Although the 
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fish genome is immensely rearranged, several areas of local synteny and larger 

chromosomal regions are preserved (Martin et al., 2011). 

The combination of visualisation, manipulation and large-scale capabilities of 

zebrafish allow for novel genome-wide studies. Zebrafish are especially informative for 

the analysis of haematopoietic development as blood circulation begins within 23-26 

hpf (Albacker et al., 2009). The zebrafish primitive wave of haematopoiesis occurs 

within the intermediate cell mass (ICM) and generates primitive erythrocytes and 

limited myeloid populations (Figure 1.7A). The ICM is functionally equivalent to the 

embryonic yolk sac in mammals (Davidson et al., 2004). These blood cells are seen in 

circulation until about four dpf. The first definitive HSC markers are seen at 31 hpf 

(Orkin et al., 2008). In mammals definitive haematopoiesis arises from the AGM, while 

the zebrafish equivalent is the ventral wall of the dorsal aorta (Figure 1.7B) (Martin et 

al., 2011). Finally, in mammals, the permanent location for HSCs to seed is in the bone 

marrow. However, in zebrafish the permanent niche of HSCs is the kidney marrow 

(Figure 1.7C) (Albacker et al., 2009). 
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Figure 1.7: Schematic of haematopoiesis cell generation locations during zebrafish development. A) 

Primitive haematopoeisis occurs in the intermediate cell mass (blue) 12 hours post fertilisation (pf). B) 

Definitive haematopoiesis begins first in the ventral wall of the dorsal aorta (purple) 31 hours pf, then in 

the caudal haematopoietic tissue (orange) 2 days pf and finally in the kidney marrow (pink) 4 days pf. C) 

Kidney marrow (pink) is the life-long source of adult definitive haematopoiesis. 

 

1.7 Aims and scope of this project 

RUNX1 is essential for definitive haematopoiesis and requires precise regulation 

for normal development. Disruptions to the RUNX1 gene are frequently associated with 

AML progression. Despite the well-established role of RUNX1 in haematopoiesis and 

disease contribution, there is limited knowledge of the cis-regulatory mechanisms that 

drive cell-specific expression.  

Previously, the +24 Runx1 mCNE was shown to be operating as an enhancer in 

the haematopoietic cells in zebrafish and mice. In addition to determining the function 
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of +24, the Osato research group also identified several mCNEs in regions surrounding 

Runx1.  

The overall aim of this project is to explore the potential of mCNEs, to act as 

regulatory elements, which could modulate the transcription of Runx1. Several 

experiments were devised in order to investigate the regulatory potential of the mCNEs.  

Objective 1: Bioinformatic selection of preferred mCNEs 

The previous work of the Osato research group identified 11 potential mCNEs. 

In the interest of time, a collection of bioinformatic analyses of each mCNE was used 

to predict the cis-regulatory potential of each element. The bioinformatic analysis 

considered transcription factor binding, chromatin modifications and other binding 

predictions to elucidate the most promising mCNEs. 

Objective 2: Determine the insulator ability of putative cis-regulatory elements 

In an effort to establish if the selected mCNEs could inhibit gene expression, an 

established insulator assay was performed using zebrafish as the model. 

Objective 3: Identify the enhancer ability of putative cis-regulatory elements 

In order to determine the functional ability of the mCNEs as putative enhancers, 

previously published reporter assays were utilised. Zebrafish reporter assays were used 

to identify cell-type specific regulation driven by mCNEs. Luciferase reporter assays 

were used to identify conservation of an enhancer in human and mouse cell lines. 

The precise spatiotemporal expression of this haematopoietic gene requires cis-

regulatory elements, the majority of which have not been defined. By investigating the 

regulatory potential of Runx1 mCNEs, the complexity of RUNX1 expression may be 



	   23 

further clarified. This would not only provide an interesting example of gene regulation 

but may also increase our understanding of the pathogenesis of AML.  

Patient sequencing studies are helpful, but to have medical benefits the 

mechanisms of disease onset must be better understood beyond a statistical correlation. 

In addition, this project may help to demonstrate a direct link between AML onset and 

cohesin mutations.  
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2 Chapter 2 

Methods 

All chemicals, consumables, solutions and buffers used in this study are listed in 

Appendix I. 

2.1 Bioinformatics 

Bioinformatic analysis was used to prioritise Runx1 mCNEs for later functional 

analysis. Genomic sequences surrounding the Runx1 locus for human (Homo sapiens) 

and mouse (Mus musculus) were obtained from publicly available genome assemblies 

[human Mar. 2006 (NCBI36/ hg18) assembly, and mouse July 2007 (mm9) assembly] 

on the UCSC genome browser (Kent et al., 2002; Waterston et al., 2002). All genome 

alignments were performed in accordance with previous Ng et al., 2010 alignments (Ng 

et al., 2010).  

2.1.1 Sequence confirmation and alignment 

mCNEs received from Professor Motomi Osato were sequenced, and then 

compared to I-Sce plasmid backbone sequence (Appendix II) provided to deduce the 

mCNE sequences. 

All sequencing was carried out by Genetic Analysis Services (Department of 

Anatomy, University of Otago) according to their protocol using a capillary ABI 

3730xl DNA Analyser. 200 ng of plasmid DNA was supplied for sequencing. Primer 

list is provided in Appendix III. 

To establish whether the sequences were Mus musculus Runx1, BLAST-like 

alignment tool (BLAT) was applied (Kent, 2002). Sequences were viewed using 
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4Peaks (Griekspoor et al., 2005). Ambiguous base calls were examined by eye and 

manually corrected if necessary. In order to amplify each sequence for later cloning, 

primers were designed. To determine the best PCR primers, the online program 

Primer3 was employed (Koressaar et al., 2007; Untergasser et al., 2012). Primers were 

selected based on optimised efficiency (i.e. Primer GC %, 18-13 bp length) and ordered 

from Integrated DNA Technologies®. 

2.1.2  Epigenetic analyses using ENCODE data 

ENCODE is the Encyclopaedia of DNA elements, a publically available 

database of functional protein, RNA and DNA elements in the human and mouse 

genomes, including epigenetic marks and regulatory factors. Numerous other genomes 

are available for analysis (Rosenbloom et al., 2013), but were not used in this study. To 

identify putative regulatory roles for the mCNEs, various mouse haematopoietic cell 

lines were selected for analysis (Table 2.1). The 2007 ENCODE datasets were used to 

detect the presence of various histone modifications, DNase I hypersensitivity sites, 

transcription factors and cohesin binding sites (Table 2.2) (Barski et al., 2007; Raney et 

al., 2014; Rosenbloom et al., 2013). Analysis of ENCODE annotations was carried out 

using data submitted by Stanford, Yale, University of Washington (UW) and Ludwig 

Institute for Cancer Research (LICR).  

To broadly analyse each mCNEs cis-regulatory potential, 500 bp were added to 

either side of the sequence. In order to visualise the combined ENCODE cell line data, 

all sequences were annotated using Geneious, program version R8.0.4 (Biomatters) 

(Kearse et al., 2012). 
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Table 2.1: Analysed cell lines 

Cell line Origin 

MEL Mouse leukaemia 

G1E Mouse erythroid progenitor 

CH12 Mouse B cell lymphoma 

Erythroblast Mouse 

Bone marrow Mouse 

B lymphocyte (B cells) Mouse 

Megakaryocyte Mouse 

 

Table 2.2: Analysed ENCODE annotations 

Regulatory association ENCODE annotation 

Open chromatin DNase I hypersensitivity 

Transcription initiation RNA Pol II 

Cohesin (subunit) Rad21 

An increase in the expression of target 
genes 

p300 

Enhancer Enhancer-associated 
histone methylation or 
acetylation marks 

H3K27ac, H3K4me1, H3K4me3 

Active promoters H3K9ac 

Repressed promoters H3K9me3, H3K27me3 

Haematopoiesis 
transcription 
factors 

Helix-loop-helix 
transcription factor 

TAL1 

Erythroid development GATA1 

Haematopoietic 
progenitors 

GATA2 
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2.1.3 CTCF prediction 

CTCFBSDB 2.0 is an online CTCF binding site prediction tool (Ziebarth et al., 

2013). All mCNE sequences were entered into the website to scan for CTCF binding 

motifs to identify putative insulators.  

2.1.4 Comparative analysis of cancer genomic datasets 

To assess whether any AML patients had mutations in the conserved CNE 

regions, publically available cancer genomic datasets were explored. Online tools were 

used to categorise publically available patient information, into different tumour types 

for analysis. Sequence data at the RUNX1 locus was downloaded from all available 

AML cases. Patient sequences and mCNEs were assembled against the human Mar. 

2006 (NCBI36/ hg18) assembly using Geneious, program version R8.0.4 (Biomatters).  

The large-scale cancer genomics datasets were retrieved from International 

Cancer Genome Consortium (ICGC) Data Portal [human Feb. 2009 (GRCh37/ hg19) 

assembly] (Hudson et al., 2014; Zhang et al., 2011), The c-BioPortal for Cancer 

Genomics [human Feb. 2009 (GRCh37/ hg19) assembly] (Cerami et al., 2012; Gao et 

al., 2013) and The Cancer Genome Atlas (TCGA) Data Portal [human Mar. 2006 

(NCBI36/ hg18) assembly](CGARN, 2013).  

2.2 Molecular biology 

The mCNEs previously identified in Ng et al., (2010), were sent in ISceI-pBSII 

SK+ (I-Sce I) plasmids (Appendix II) from the Cancer Science Institute, National 

University of Singapore by Motomi Osato.  
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2.2.1 Plasmids and reporter constructs 

Plasmids used in this project are listed in Table 2.3. To determine the regulatory 

potential of selected mCNE in vivo, various reporter constructs were used. 

To enable straightforward cloning, the gateway cloning system was used. This 

system utilises site-specific recombination, avoiding the need for traditional enzyme 

based cloning (Bessa et al., 2009). PCR®8/GW/TOPO (TOPO) is the entry vector, 

which contains attL sites and is used for subsequent transfers into destination vectors. 

Destination vectors contain attR sites and the ccdB gene. attL and attR sites allow for 

region of interest to transfer between plasmids, with a simple LR recombination 

reaction (Magnani et al., 2006). When recombination occurs, the region of interest 

replaces the ccdB gene. The ccdB gene acts as a negative control, because vectors that 

did not recombine, will fail to grow.  

Maps of all plasmids are shown in Appendix II. 
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Table 2.3: Plasmids used in this study 

Plasmid Relevant 
characteristics 

Antibiotic 
selection 

Source 

Gateway cloning plasmid 

PCR®8/GW/T
OPO (TOPO) 

The attL sites in the 
TOPO vector allows 

for rapid 
recombination into 
destination vectors 

Spectinomycin Life Technology, 
Australia 

Zebrafish enhancer reporter plasmids 

ISceI-pBSII 
SK+ (I-Sce I) 

Cell-specific GFP 
expression when 
enhancer is cloned 
into vector 

Ampicillin Motomi Osato lab, 
Cancer Science Institute, 
National University of 
Singapore (Ng et al., 
2010) 

Zebrafish 
enhancer 
detector vector 
(ZED) 

RFP expression 
across somites as 
internal control. 
Cell-specific GFP 
expression when an 
enhancer is cloned 
into vector. Gateway 
cloning attR sites 

Ampicillin José Bessa lab, Institute 
for Molecular and Cell 
Biology, Portugal (Bessa 
et al., 2009) 

Zebrafish insulator reporter plasmid 

pminiTol2-Z48-
Gw-CARGFP 
(INS)  

GFP expression 
across somites as 
internal control. GFP 
expression variance 
when an insulator is 
cloned into vector. 
Gateway cloning 
attR sites 

Ampicillin José Bessa lab, Institute 
for Molecular and Cell 
Biology, Portugal (Bessa 
et al., 2009) 

Cell Culture enhancer reporter plasmid 

pGL4.23-GW  Luciferase reporter 
construct with 
gateway cloning attR 
sites 

Ampicillin Jorge Ferrer lab, 
Imperial Centre for 
Translational and 
Experimental Medicine, 
Imperial College London 
(Pasquali et al., 2014) 
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2.2.2 Nanodrop 

Quantity and quality of plasmid was measured by spectrophotometry, using a 

Nanodrop® ND-1000, version 3.81 Spectrophotometer. 1 µl of DNA or RNA was 

added to the well to measure sample purity and concentration by the absorbance 

spectrum of UV-visible light.  

2.2.3 PCR amplification of mCNEs 

PCR was used to amplify mCNEs, before they were cloned into the TOPO 

plasmid. 

Table 2.4: PCR reagents 

Reagent Amount per 20 µl (reaction volume) 

10 x reaction buffer (Invitrogen) 2 µl 

50 mM MgCl2  0.6 µl 

10 mM dNTPs 0.4 µl 

10 µM Forward primer 1 µl 

10 µM Reverse primer 1 µl 

Platinum Taq polymerase  0.2 µl 

DNA 250 ng 

MilliQ H2O   14.8 µl – DNA amount 

 

The PCR protocol was optimised by varying the temperature of annealing phase (55 

°C, 57 °C). Amplification was performed in an Applied Biosystem Thermal Cycler 

2.08 as follows: 95 °C for 4 minutes; 30 cycles of 95 °C for 30 seconds, 55 °C for 30 

seconds, 72 °C for 30 seconds, finally 72 °C for 5 minutes. 
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2.2.4  Agarose gel electrophoresis 

To determine if the production of PCR, mRNA or a restriction digest was 

successful, products were run on an agarose gel. 2 µl of PCR, mRNA or restriction 

digest product was mixed with 8 µl of 1 x loading dye and loaded onto a 60 ml 1 % 

Ultrapure agarose gel, with 0.6 µl of ethidium bromide added before the gel set. A 1 kb 

plus ladder was used as a marker of band sizes. Gels were run at 100 V for 1 hour, then 

visualised and photographed using a BioRad UV light transilluminator. 

2.2.5 Transformation of plasmids in competent cells 

Bacteria were used to transform mCNEs into each plasmid. All bacterial work 

was carried out using standard aseptic techniques. 

Competent Escherichia coli (E. coli) one shot TOP10, MachT1, Stratagene XL1 

Blue cells were used for transformation procedures. One-shot ccdb survival cells were 

used to culture original ZED, INS and pGL4.23-GW plasmid stocks. MachT1 and 

TOP10 competent cells were created according to Inoue method (H. Inoue et al., 1990). 

XL1 Blue competent cells were prepared in house.  

pUC19 was used as a positive control for all transformations. All plasmid 

transformations were carried out with a LacZ recombination positive control and 

MilliQ negative recombination control.  

1 µl plasmid DNA was added to a vial of E. coli competent cells and mixed 

gently and incubated on ice for 15 minutes. Samples were transferred to a waterbath at 

42 °C for 30 seconds before placing on ice. 250 µl prewarmed Luria Broth (LB) was 

added and cells were incubated at 37 °C for 1 hour with shaking (200 rpm). 
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After transformation, cells were spread on agar plates containing appropriate 

antibiotic. The plates for the LacZ transformation control contained 50 µl of 20 mg/ml 

X-gal. 50 µl of competent cell mixture was spread on the first half of the prewarmed 

plate, before cells were pelleted by centrifugation. Most of the supernatant was 

discarded, and all remaining cells were resuspended in the remaining supernatant and 

spread on the other half of the selective plate. Plates were incubated at 37 °C overnight. 

Recombination efficiency was identified by the blue/white colony ratio on the 

LacZ plate. 2-4 individual colonies from successful transformations were picked with a 

wire loop. Plasmids were then incubated overnight with shaking (200 rpm) in 4 ml LB 

containing 100 µg/ml of the appropriate antibiotic. 

To establish glycerol stocks of each successful transformation, 750 µl of the 

overnight culture was combined with 250 µl of glycerol for storage at -80 °C. 

2.2.6 Plasmid purification preparation 

After glycerol stocks were made, the remaining bacterial culture was 

centrifuged at 13,300 g for 1 minute. Supernatant was discarded until only the pellet 

remained. Plasmids were prepared using the Qiagen plasmid Miniprep kit for TOPO, 

ZED and INS assay. Preparation of pGL4.23-GW plasmids used the Macherey-Nagel 

maxi prep kit; both were executed according to manufacturers manual. DNA was eluted 

in 40 µl or 500 µl of elution buffer respectively and stored at -20 °C.  

2.2.7 TOPO cloning  

mCNEs were cloned into the TOPO vector using the PCR8/GW/TOPO kit from 

Invitrogen following the manufacturers protocol. 
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Following PCR and gel electrophoresis confirmation of correct PCR product, 

the putative regulatory elements were cloned into the pCR8/GW/TOPO vector.  

Table 2.5: TOPO cloning reagents 

Reagent Amount per 20 µl (reaction volume) 

Fresh PCR product (needs single 3’ 
overhang) 

4 µl 

Salt solution 1 µl 

TOPO vector (¼ dilution) 1 µl 

 

Cloning reagents were incubated for 20 minutes at room temperature to allow 

the topoisomerase reaction to occur. 2 µl of TOPO reaction was then transformed into 

competent cells according to section 2.2.5. Plasmid prep was performed as per section 

2.2.6 of methods.  

2.2.8 Gateway cloning 

The attL sites in the TOPO vector are complementary to attR sites located in the 

INS, ZED and pGL4.23-GW vectors (Bessa et al., 2009; Pasquali et al., 2014). 

Through homologous recombination the PCR product is directly transferred from the 

TOPO vector into the gateway vector (INS/ZED/pGL4.23-GW), in the presence of 

Gateway LR clonase II enzyme mix (Invitrogen). The LR Recombination reaction was 

carried out according to Invitrogen protocol.  

Table 2.6: Gateway cloning reagents 

Reagent Amount (µl)  

Entry vector (TOPO) with mCNE inserts  1 µl (~50 ng/µl) 

Destination vector  1 µl (~150 ng/µl) 

LR clonase II enzyme mix 0.5	  µl	  
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Gateway cloning reagents were incubated at 25 °C for one hour. To inhibit any 

further enzyme activity, 0.25 µl of Proteinase K (2 µg/µl) was added to the cloning 

reaction and incubated for 10 minutes at 37 °C. 

1 µl of cloning products was then transformed in competent cells as per section 

2.2.5 of methods. Plasmid prep was completed according to section 2.2.6 of methods.  

2.2.9 Confirmation of successful cloning 

 To confirm successful cloning of TOPO, INS and ZED plasmids, restriction digests 

were performed. EcoR1 digest was used to confirm successful TOPO cloning, whereas 

Bg1II was used for INS and ZED vectors  

Digestions were carried out in either 10 µl or 20 µl volumes according to Units/mol of 

restriction enzyme. Unit is the amount of enzyme required to digest 1 µg of DNA in 1 

hour at 37 °C. The appropriate reaction buffer was diluted to 1 x concentration in 

RNase free H2O. 1 µl of enzyme was added before an incubation of 1 hour at 37 °C. 

The digestion was then run on a gel according to section 2.2.4. Each vector was then 

sequenced to ensure no mutations had occurred during the cloning process. All 

sequencing was carried out according to section 2.1.1. 

Sequencing, rather than a restriction digest confirmed pGL4.23-GW inserts.  

2.2.10  Tol2 transposase mRNA synthesis 

Tol2 sites permit transposon-mediated integration into the zebrafish genome 

with high efficiency in the presence of Tol2 transposase mRNA (Kawakami, 2005). In 

order to succesfully integrate INS and ZED reporter contructs into zebrafish host 

genome Tol2 mRNA is required (Bessa et al., 2009). Ambion™ mMESSAGE 

mMACHINE® kit was used for in vitro synthesis of large amounts of capped 
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mRNA. To confirm successful mRNA synthesis, the product was run on a 1 % agarose 

gel according to section 2.2.4. 

2.3 Zebrafish husbandry 

Feeding, maintenance and breeding were performed according to the Otago 

Zebrafish Facility Standard Operating Procedures. The University of Otago Animal 

Ethics Committee approved all zebrafish work (AEC #95/14). University of Otago 

Animal Welfare Office, Animal Ethics Training was undertaken and any manipulations 

involved larvae no older than 30 days. Relevant work with transgenic Zebrafish was 

approved by IBSC/EPA ( GMO09/UO003, GMD005627). 

2.3.1 Zebrafish strains 

The strains of Zebrafish used in this project were wild-type (WT) AB/PS, and 

(WT) WIK. AB/PS is an in-house line, previously created by outcrossing an AB fish 

with a pet-shop (PS) fish. Transgenic lines created in this project were outcrossed onto 

WT Long Tail (TLF) fish for easy differentiation between the transgenic and WT lines. 

2.3.2 Maintenance 

Zebrafish (Danio rerio) were housed in the Otago Zebrafish Facility (OZF), 

Pathology Department, University of Otago, Dunedin. Each tank was kept at a 

temperature of 24-30 °C, pH of 6.5-8.5 and a conductivity of 200-1000 μS. Water in 

the facility was purified using ZebTEC system (Techniplast) of biological filters and 

UV light. Stocking density was maintained at or below the maximum number of fish 

per 3.5 L tank; 15-20 adults or 20-30 younger fish (5-40 days old).  
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2.3.3 Feeding 

Zebrafish were fed three times a day; two dry feedings and one live feeding. 

The dry feed (ZM Ltd) was given morning and evening. The live feed was given to 

adult Zebrafish in the afternoon and consisted of artemia (brine shrimp). Younger fish 

were given rotifers, as they are smaller than artemia.  

2.3.4 Breeding and embryo collection 

Wild type Zebrafish breeding pairs were set up in specialised breeding tanks, 

the afternoon prior to embryo collection. The tanks contain a false bottom and a 

removable barrier to separate male and females. The false bottom allows the eggs to 

fall through once they are laid, to prevent the parents consuming them. The natural 

internal breeding cue is light. The OZF has automated lighting; from 10 pm till 8 am it 

is dark. Removal of barriers allows the zebrafish to mate. To regulate breeding, barriers 

are removed from the tank, just prior to collection. 

Embryos are collected through a fine sieve 10 minutes after laying, washed 

twice with system water and transferred to a petri dish with E3 embryo medium. E3 

medium promotes growth and survival. Methylene blue is also added as it acts as an 

anti-fungal agent, as zebrafish eggs are prone to fungal infection. 

2.3.5 Growing embryos 

Embryos are grown in a petri dish in E3 medium at 28.5 °C for normal 

development or 22.5 °C for slower development. The embryos hatch naturally at 2-3 

days post fertilisation or the chorion can be removed earlier using #55 Dumont Forceps. 

When the chorions are discarded the media is changed to E3 without methylene blue. 
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2.4 Zebrafish microinjection  

2.4.1 Needle pulling and calibration 

A 1.0 mm OD borosilicate glass capillary (Harvard Apparatus) was pulled to 

form 2 needles using pulling programme 6 (P= 500, Heat= 600, Pull= 50, Vel = 75, 

Time= 120) on a Sutter p-97 Fleming/Brown glass micropipette puller. 

Injection solutions were well mixed and 2 µl loaded with a microloader pipette 

into the needle. The needle was placed in the needle holder of an air-pressure MPPI3 

system. 10 µl of Halocarbon oil was pipetted onto a stage micrometre calibration slide. 

Pressing the injection pedal released a droplet of injected solution, which floated on the 

oil. The drop was measured to ensure it was 1 nl (Figure 2.1). Clean forceps were used 

to trim needle tip and pulse duration was adjusted to change drop size when necessary. 

The pulse duration of the pressure injector was set between 4.5 and 6.5 to minimize 

needle breakage and embryo damage. 



	   38 

 

Figure 2.1: Calibration slide with close up of 1 mm scale, each division is 0.01 mm. The grey circle 

represents the size of a 1 nl droplet 

 

2.4.2 Microinjection 

Injections were achieved by lining embryos up on a ridged plate and, under 

magnification of a Leica M80 microscope, guiding the needle tip through the chorion to 

pierce the yolk sac. 

I-Sce I vector injections were performed with recommended concentrations 1 

unit of I-Sce I meganuclease, 0.5 x I-Sce I buffer (10 x), 10 ng/µl I-Sce I vector DNA 

and MilliQ H20 (Rembold et al., 2006).  
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ZED and INS vector injections were optimised and the following concentrations 

were injected 30 ng/µl INS or ZED vector DNA, 90 ng/µl Tol2 transposase mRNA and 

MilliQ H20 

The vector solutions were directly injected into the yolk sac at the one cell 

stage, to ensure the dividing cell could uptake and integrate the plasmid into the host 

genome. For each injected group, uninjected controls of the same batch were kept to 

observe normal development and death rates. 

2.4.3 Microscopy 

In order to screen embryos for fluorescence, embryos were anaesthetized in 0.5 

ng/µl tricaine and placed on a microscope slide. GFP3 and dsRED2 filters were applied 

to view fluorescence.  

If fluorescence was observed, samples were removed from E3 tricaine solution 

and embryos were mounted in 3 % methylcellulose. The dechorionated embryos were 

orientated with anterior on the left and dorsal at the top. Embryos were first imaged 

with bright field, and then filters were employed to photograph the fluorescence.  

Images were taken using a Leica M205 fluorescence microscope on the Leica 

Application software.  

2.5 Transgenic zebrafish analysis  

2.5.1 Insulator reporter construct 

The dechorionated embryos were imaged at 36 hpf. Imaging was achieved with 

1.6 x Planapo lens, 5.1 seconds exposure and the GFP3 filter, interlaced medium HQ 

and 37 x magnification.  
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Somite to midbrain GFP ratios were calculated for comparative fluorescence 

analysis using Image J software (Abràmoff et al., 2004). Boxes placed on midbrain and 

somite region for analysis excluded bias of fluorescence in other regions. Images were 

changed to an 8-bit format and somite to midbrain GFP expression ratio was 

determined.  

Statistical analyses were performed in Prism 6, GraphPad Software. 

Significance of the differences observed was assessed using one-way analysis of 

variance (ANOVA) with Kruskal – Wallis test applied for descriptive statistics. 

Figures and graphs were processed in Image J and assembled in Prism 6. 

2.5.2 Enhancer reporter constructs 

I-Sce I embryos were dechorionated and then viewed at 24 and 48 hpf. All 

embryos with GFP were photographed.  

ZED F0 embryos were observed at 72 hpf. All embryos with 90 % RFP were 

imaged, kept and grown in tanks according to section 2.4.3 of methods. 

ZED F1 embryos were also viewed at 72 hpf and embryos with 90 % RFP were 

photographed and examined for GFP.  

Figures for all enhancer constructs were processed in Image J and Adobe 

Photoshop Cs5. Graphs were constructed in Prism 6. 
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2.6 Cell culture and maintenance of cell lines 

2.6.1 Cell lines  

Cell lines were stored in a Thermo Scientific liquid nitrogen dewar. All cell 

lines used were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) and were 

maintained at 37 °C in a humidified environment with 5 % CO2 incubator 

Table 2.7: Cell lines used in this study 

Cell line Media Remarks References 

HeLa (human cancer) DMEM Sourced originally from 
Braithwaite lab (P121) 

(Scherer et 
al., 1953) 

MCF7 (human breast 
cancer) 

DMEM Sourced originally from 
Dunbier lab (P14) 

(Soule et al., 
1973) 

NIH3T3 (mouse 
fibroblast) 

DMEM Sourced originally from 
Braithwaite lab (P15) 

(Todaro et al., 
1963) 

 

2.6.2 Reviving cells from liquid nitrogen stocks 

Cell vials were removed from liquid nitrogen stocks and transferred on ice to 37 

°C waterbath. Vials were rapidly thawed and the cell suspension added to 10 ml of pre-

warmed media in 15 ml falcon tube. Cells were pelleted by centrifugation (250 g for 5 

minutes) and supernatant was aspirated. Cells were resuspended in 10 ml of fresh 

media and plated in a medium culture flask. 

2.6.3 Splitting cells for new passage 

The cells were allowed to form a monolayer and reach 70-90 % confluence 

before splitting for a new passage. The DMEM was carefully aspirated and adherent 

cells were washed with 10 ml PBS. 3 ml of 0.5 % trypsin was added and flask was then 

incubated at 37 °C for 3-5 minutes. 10 ml of media was added to flask to deactivate 

trypsin. Cells were gently pipetted up and down to create a single cell suspension. 1 ml 
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of cell suspension was added to a new culture flask with 10 ml fresh media to make a 

new passage. 1 ml of suspension was collected for cell counting (Figure 2.2). Number 

of cells/ml was determined using a haemocytometer slide on a microscope stage.  

 

Figure 2.2: Haemocytometer slide used for counting cells, each shaded grid is 1 mm2 . The black 

circles represent cells in the grid. The number of cells in each shaded grid is counted. The average is 

determined by dividing the total by 5. The number of cells per ml is calculated by grid average x dilution 

factor (2) x 10 000 
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2.6.4 Freezing cells for liquid nitrogen storage 

Single cell suspension (2.6.3), cells were centrifuged for 5 minutes at 250 g and 

supernatant removed. Pellet was gently suspended in equal parts media and 

cyroprotectant (20 % DMSO in FBS), 500 µl of each per intended vial of frozen cells. 

Cell suspension was aliquoted into each cryovial and then transferred to Nalgene Mr 

Frosty. Mr Frosty was stored at -80 °C overnight, then transferred to the liquid nitrogen 

dewar. 

2.6.5 Gene expression analysis 

2.6.5.1 Total RNA purification 

To examine the Runx1 gene expression analysis in cell lines, RNA was 

extracted from each cell line. Cells (5 x 105) were collected by centrifugation. The 

extraction procedure was carried out in accordance with the RNA purification method, 

described in Macherey-Nagel user manual. Concentration and purity of RNA was 

determined by Nanodrop technique described in section 2.2.2. RNA was eluted in 40 µl 

RNase-free H2O and stored at -80 °C until required.  

2.6.5.2 cDNA synthesis 

Complementary DNA (cDNA) was synthesised from the RNA extracted in 

section 2.6.5.1 using 4 µl of qScript ™ cDNA SuperMix, 500 ng of total RNA and 

RNase-free H2O in a 20 µl reaction. Reverse transcription was performed in an Applied 

Biosystem Thermal Cycler 2.08, at 25 °C for 5 minutes, 42 °C for 30 minutes and 

finally 85 °C for 5 minutes. cDNA products were stored at -20 °C until required.  
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2.6.6 Quantitative reverse-transcriptase PCR (qRT-PCR) 

qRT-PCR is a technique that quantitatively measures RNA following cDNA 

conversion. This is achieved through real-time PCR. To measure endogenous P1-, P2- 

generated and total Runx1 expression in HeLa, NIH3T3 and MCF7 cell lines, qRT-PCR 

was used.  

 

Figure 2.3: Quantitative PCR primer locations at mouse and human Runx1. Schematic of human 

and mouse Runx1 genes and transcripts are shown with exons in boxes and the 5’ and 3’ untranslated 

regions in white. P1 and P2 promoters are indicated with a black hooked arrow. Primers used for analysis 

of P1, P2 and total Runx1 transcript expression by quantitative PCR are indicated with black arrowheads.  
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Relative gene expression was normalised to housekeeping genes. For NIH3T3 

(mouse fibroblast) cell line, B-actin and Gapdh were used as housekeeping genes. In 

the human cell lines (MCF7 and HeLa) H-CYCLOPHILIN and GAPDH were used. 

Judith Marsman previously validated each primer for 80-100 % efficiency, with an 

external standard curve, generated by serial dilutions of the cDNA. List of primers is 

available in Appendix III. 

qRT-PCR mix was made for each primer set, in each cell line (Table 2.8).  

Table 2.8: qRT-PCR reaction mix 

Reagent Amount per 20 µl (reaction volume) 

cDNA (500 ng) 1 µl 

3 µM Forward primer 1 µl 

3 µM Reverse primer 1 µl 

SYBR ® Green (2x)  10 µl 

MilliQ H2O   7 µl  

 

The qRT-PCR was performed using Roche LightCycler® 480 II using the following 

programme: 95 °C for 30 seconds and 40 cycles of 95 °C for 5 seconds, 60 °C for 30 

seconds.  

Analysis was carried out using qBase software, which utilised the ΔΔCT method. 

Graphs were created using Prism 6. 

2.6.7 Transfection  

To determine the ability of each mCNE as an enhancer in mouse and human 

cells lines, each cell line was transfected with the various pGL4.23 +mCNEs. Culture 

was plated in a 96-well plate at 8 x 103 cells per well and cells were 30 - 50 % confluent 
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at time of transfection. Cells were transfected using Lipofectamine® 3000 according to 

the manufacturer’s instructions. Plates were incubated at 37 °C for 48 hours. A Renilla 

luciferase reporter construct was co-transfected with the mCNE pGL4 reporter 

constructs. Firefly and Renilla luciferases have distinct evolutionary origins and 

dissimilar enzyme structures and substrate requirements. Renilla acts as a transfection 

control.  

Table 2.9: Transfection components per well 

Component per well  Amount 

 Adherent cells 8 x 103 cells 

Lipofectamine® 3000 
dilution 

Opti-MEM® Media 5 µl 

Lipofectamine® 3000 Reagent 0.2 µl 

Master Mix 

 

Opti-MEM® Media 5 µl 

Plasmid DNA  50 ng 

P3000™ Reagent 0.2 µl 

Renilla 20 ng 

 

2.6.8 Cell culture transfection analysis 

If pGL4.23-GW contains an enhancer there should be an increase in expression 

of luciferase, which can be determined with a luminometer. Dual-Glo® Luciferase 

Assay System was used according to manufacturer’s intstructions to measure 

luminescence. Dual-Glo® Reagent was added in equal parts to the volume of culture 

medium and mixed well. Firefly luminescence was measured by Victor ™X3 plate 

reader after 10 minutes. Dual-Glo® Stop & Glo® Reagent equal to the original culture 

medium was added to each well and mixed. After 10 minutes, Renilla luminescence 

was measured by Victor ™X3 plate reader.  
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2.6.9 Statistical analysis  

All analyses were performed in Prism 6. Significance of the differences 

observed was assessed using ANOVA. 
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3 Chapter 3 

Results 

3.1 Bioinformatics 

Bioinformatic analyses prioritised which mCNEs would be investigated in this 

project. BLAT confirmed that all mouse conserved non-coding elements (mCNE) 

sequences received from Motomi Osato were Mus musculus Runx1, located on 

chromosome 16: 93,220,074 - 92,589,466 (Figure 3.1). All aligned sequences can be 

found in Appendix IV. mCNEs were named according to their distance in kb from the 

distal P1 +1 site/ transcriptional start site (TSS) (mouse build assembly 37, 

chromosome 16, position 92,826,311) (Ng et al., 2010). 

8/10 of mCNEs identified by Ng et al., (2010) are located in the intronic space 

between Promoter 1 and 2. The other 2 mCNEs are upstream of Promoter 1.  

 

Figure 3.1: Schematic overview of mouse Runx1 locus (chromosome 16: 93,220,074-92,589,466). 

mCNEs are annotated in blue, grey boxes represent exons. The two Runx1 promoters are represented by 

black right angled arrows. 

3.1.1 Chromatin conformation analyses using ENCODE data  

The presence of chromatin structure associated with gene regulatory function, 

were used to prioritise which putative regulatory elements to investigate in this project. 
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All mCNEs have DNase I hypersensitivity sites (HS) as previously identified by Ng et 

al., (2010). 

Due to time constraints it was necessary to prioritise mCNEs for this project. 

Bioinformatic analysis of annotations with ENCODE data allowed for six mCNEs to be 

selected. +24 mCNE, -368 mCNE, -101 mCNE, +58.5 mCNE, +110 mCNE and 

+110.5-2 mCNE were chosen on the basis of likelihood of cis-regulatory activity 

(Table 3.1). 

ENCODE project data from various blood cell lines were analysed at each 

mCNE locus (Raney et al., 2014; Rosenbloom et al., 2013). The DNA 500 bp either 

side of the mCNE sequence was included to broadly analyse the region. Elements 

included in the search for regulatory features were transcription factor binding sites 

(TFBS), histone modifications, CTCF binding sites, RNA polymerase II (Pol II) and 

cohesin (Rad21 and Smc3 subunits) binding sites. DNase I HS were confirmed by 

ENCODE analysis.   
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Table 3.1: mCNEs and their respective ENCODE annotations 

	  

3.1.1.1 Annotation of +24 mCNE 

As +24 mCNE (Figure 3.2) was previously identified as an enhancer (Ng et al., 

2010) it was used as a positive control in this project. This site is 24,521 bp (24 kb) 

downstream from the TSS.  

	    

mCNE ENCODE annotations Reason for selection 

-368 DNase I HS, H3K4me1, H3K4me3, H3K27ac, 
H3K9ac, TAL1 TFBS, Pol2 TFBS 

Presence of TAL1 and 
Pol2 binding sites  

-101 DNase I HS, H3K4me1, H3K4me3, H3K27me3 

Ng et al., (2010) 
supplementary data 
showed possible 
enhancer activity 

+24 DNase I HS, H3K4me1, H3K4me3, H3K27ac, 
H3K9ac, TAL1 TFBS, Pol2 TFBS, GATA1 TFBS Positive control 

+32 DNase I HS, H3K4me1, H3K27ac, H3K9me3, 
H3K9ac, Rad21 BS, Pol2 TFBS Not selected 

+34 DNase I HS, H3K4me1, H3K9ac, Pol2 TFBS Not selected 

+58.5 DNase I HS, H3K4me1, H3K9me3, Rad21 TFBS 
Presence of Rad21 and 
Pol2 binding sites  

+86.7 DNase I HS, H3K4me1, H3k4me3, H3K27ac Not selected 

+87.1 DNase I HS, H3K4me1, H3K4me3, Pol2 TFBS Not selected 

+110 

DNase I HS, H3K4me1, H3K4me3, H3K9me3, 
H3K9ac, H3K27me3, H3K27ac, p300 TFBS, 
TAL1 TFBS, Pol2 TFBS, GATA1 TFBS, GATA2 
TFBS  

Presence of GATA1, 
GATA2, TAL1, p300 
and Pol2 binding sites  

+110-5.2 DNase I HS, H3K4me1, H3K4me3, H3K9me3, 
H3K27me3, H3K27ac, TAL1 TFBS, Pol2 TFBS, 

Presence of TAL1 and 
Pol2 binding sites  
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Figure 3.2: ENCODE annotated +24 mCNE (chromosome 16: 92, 801,790 - 92, 802, 318 +/- 500 bp). 

The 529 bp +24 mCNE region is represented in dark blue. Legend colours indicate the different 

epigenetic marks and binding sites identified by UCSC genome browser. Binding sites for cohesin and 

p300 were not identified in this region. 

 

The ENCODE annotations identified this open chromatin region to contain 

several different enhancer marks (H3K4me1, H3K4me3, H3K27ac) in every cell line 

except B lymphocytes. H3K9ac (often associated with promoters) was found in the 

mouse leukaemia line (MEL). The transcription complex, Pol II, was observed in 

erythroid and mouse leukaemia lines. Occupied GATA1 and TAL1 binding sites were 

also identified in erythroblasts and megakaryocytes at the same location; these 

transcription factors are required for haematopoiesis. 

Each mCNE sent by the Osato research group was sequenced to confirm its 

identity. It is interesting to note there were difficulties sequencing the +24 mCNE in 

this project. Sequence always halted at a particular point, regardless of the direction of 
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sequencing, suggesting +24 mCNE may be able to form secondary structures. This was 

further investigated using Quadruplex forming G-Rich Sequences (QGRS) mapper (an 

online tool), to predict if +24 mCNE can form a g-quadruplex structure (Kikin et al., 

2006). Two predicted quadruplex structures sit either side of the region that could not 

be sequenced (Appendix V). This mCNE has the potential to form a four stranded 

structure stabilised by G-quartets (Figure 3.3). Previous studies on G-quadruplexes 

indicate possible roles in controlling gene expression (Du et al., 2007; Eddy et al., 

2008; Zhao et al., 2007). 

 

Figure 3.3: Schematic representation of +24 mCNE G-Quadruplex. Four guanines form a G-quartet, 

a planar ring around a central channel (represented by each grey rectangle). G-quadruplex structures 

derive stability from hydrogen bonding between guanines and stacking of G-quartets (Maizels et al., 

2013). 

 

3.1.1.2 Annotation of -368 mCNE 

-368 mCNE (Figure 3.4) sits -368,109 bp (368 kb) upstream from the TSS. 

Distance is not a factor for regulatory elements as they have the ability to act over long 

ranges of DNA. ENCODE data revealed comparable binding and methylation to +24 

mCNE, indicating -368 mCNE may perform a similar role to the confirmed enhancer. 
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Figure 3.4 ENCODE annotated -368 mCNE (chromosome 16: 93, 194, 420 - 93, 195, 019 +/- 500 bp). 

This 597 bp region of interest is represented in dark blue. Legend colours indicate the different 

epigenetic marks and binding sites identified by UCSC genome browser. Binding sites for cohesin and 

p300 were not identified in this region. 

 

Pol II and TAL1 binding sites were identified in the mouse leukaemia line. 

DNase I HS was also identified at the same location indicating the chromatin is open. 

H3K4me1, H3Kme3 and H3K27ac were found across all cell lines except the lymphoid  

cell lines (B cells and B cell lymphoma) suggesting this region could be an enhancer. 

H3K9ac (active promoter marks) were found in the mouse leukaemia cell line. 

3.1.1.3 Annotation of -101 mCNE 

The -101 mCNE (Figure 3.5) was shown in Ng et al., (2010) supplementary 

data to show possible enhancer activity; thus it was further characterised in this project. 

It sits -101,255 bp (-101 kb) upstream from the TSS. 
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Figure 3.5: ENCODE annotated -101 mCNE (chromosome 16: 92, 927, 566 – 92, 928, 308 +/- 500 

bp). This 743 bp region of interest is represented in dark blue. Legend colours indicate the different 

epigenetic marks and binding sites identified by UCSC genome browser. Binding sites for cohesin, Pol2, 

p300 and blood transcription factors were not identified in this region. 

 

This region of chromatin contained a small DNase I HS peak and the enhancer 

marks H3K4me3 and H3K4me1 in all cell lines except B cells. This mCNE also 

contained H3K27me3 in megakaryocytes and erythrocytes, which is a repressive mark. 

3.1.1.4 Annotation of +58.5 mCNE 

+58.5 mCNE (Figure 3.6) is located 58,746 bp downstream from the TSS. The 

ENCODE annotations showed this open chromatin region to contain the enhancer mark 

H3K4me1 and the repressive mark H3K9me3 in all cells except B cells. The B cell 

lymphoma cell line contained a Rad21 binding site (a subunit of cohesin). Cohesin is a 

multi-functional protein involved in organising 3D genomic architecture and is often 
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dysregulated in AML patients. Consequently this mCNE was selected as a region of 

interest for this project. 

 

Figure 3.6: ENCODE annotated +58.5 mCNE (chromosome 16: 92, 767, 565 – 92, 768, 050 +/- 500 

bp). This 486 bp region of interest is represented in dark blue. Legend colours indicate the different 

epigenetic marks and binding sites identified by UCSC genome browser. Binding sites for Pol2, p300 

and blood transcription factors were not identified in this region. 

 

3.1.1.5 Annotation of +110 mCNE 

This locus is 110, 523 bp downstream from the TSS. The +110 mCNE (Figure 

3.7) had the most ENCODE annotations. This section contained the enhancer marks 

H3K27ac and H3K4me1. As well as enhancer marks, the active promoter mark 

H3K9ac was observed. H3K9me3 and H3K27me3 repressive marks were also present. 

These sites were observed in all cell lines except B cells. DNase I HS sites suggest this 

region is open chromatin. Several blood transcription factors were found to bind this 
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mCNE; GATA1, GATA2, and TAL1 are all essential for haematopoiesis. These 

transcription factors were found in erythroblasts, mouse erythroid progenitors and 

leukaemia cell lines. Pol II and p300 also coincided with this region in the mouse 

leukaemia cell line. p300 interacts with transcription factors to increase expression of 

target genes and suggests this mCNE is acting as an enhancer. 

 

Figure 3.7: ENCODE annotated +110 mCNE (chromosome 16: 92, 767, 565 – 92, 768, 050 +/- 500 

bp). This 486 bp region of interest is represented in dark blue. Legend colours indicate the different 

epigenetic marks and binding sites identified by UCSC genome browser. A binding site for cohesin was 

not identified in this region. 

 

3.1.1.6 Annotation of +110.5-2 mCNE 

+110.5-2 mCNE (Figure 3.8) is located 112,902 bp downstream from the TSS. 

The ENCODE annotations identified across this mCNE included enhancer marks 
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(H3K4me1, H3K27ac) observed in all cell lines except B cell, and Pol II. There was no 

DNase I HS in +110.5-2 in selected cell lines.  

 

Figure 3.8: ENCODE annotated +110.5-2 mCNE (chromosome 16: 92, 713, 409 – 92, 713, 952 +/- 

500 bp). This 530 bp region of interest is represented in dark blue. Legend colours indicate the different 

epigenetic marks and binding sites identified by UCSC genome browser. Binding sites for p300, Dnase I 

and cohesin, were not identified in this region. 

 

3.1.2 CTCF prediction 

All regions of interest were input into an online CTCF binding site prediction 

tool to identify any CTCF binding motifs. CTCF often co-localises with cohesin. 

Together, cohesin and CTCF may perform an insulator function. However, no predicted 

CTCF binding sites were found at any mCNE loci. 
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3.1.3 Comparative analysis of cancer genomic data sets 

In order to assess whether any AML patients had mutations in the conserved 

CNE regions, publically available cancer genomic datasets were explored. All data 

provided by TCGA, ICGC and C-bio portal were reassembled back to RUNX1 exomic 

loci. As there are no publically available whole genome AML data sets, it is not 

possible to assess whether RUNX1 CNE sequences are frequently mutated in AML 

patients. 

3.1.4 Summary 

The combinatorial in silico approach taken by Ng et al., (2010) identified CNEs 

in the intronic regions surrounding Runx1. ENCODE annotations from haematopoiesis 

related mouse cell lines were used to determine the potential that the mCNEs might 

have a gene regulatory function. Selection of preferable mCNEs for functional analysis 

in this project was executed based on transcription factor binding and methylation 

marks.  

All mCNEs were areas of open chromatin (DNase I HS) except +110.5-2, and 

had characteristic enhancer marks present in the ENCODE annotated cell lines. The 

previously confirmed enhancer +24 mCNE was chosen as a positive control for 

enhancer functional analysis. Preliminary data provided by Motomi Osato, suggested 

that -101 mCNE and +110.5-2 mCNE could be acting as enhancers in a zebrafish 

assay. ENCODE annotations for these putative enhancers supported the preliminary 

data, with reported enhancer methylation marks observed in different cell lines at these 

sites. Therefore, these mCNEs were elected as candidates for extended research.  

To select other candidate mCNEs for this project, additional ENCODE 

annotations were required. As 13 % of AML patients had reported mutations in 
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subunits or regulators of the cohesin complex, cohesin binding sites (Rad21, Smc2, 

Smc3) at the regions of interest were investigated. Both +32 mCNE and +58.5 mCNE 

possessed Rad21 binding sites. Rad21 is a subunit of cohesin, which plays a role in 

gene regulation. However, the binding site observed in +32 sat outside the mCNE 

sequence (in the +/-500 bp). This means that +58.5 is the only potential element by 

which cohesin could regulate Runx1 expression. 

Since Pol II initiates transcription, the presence of a Pol II binding site could 

indicate the presence of a regulatory element. Of the remaining mCNEs, -368, +34, 

+87.1, +110 all contained Pol II binding sites. Further selection took into account blood 

transcription factors TAL1, GATA1 binding sites. TAL1 is a helix-loop-helix 

transcription factor essential for haematopoiesis. GATA1 is required for erythroid 

development. Binding sites for both these transcription factors were found in +24 

mCNE. A TAL1 binding site was observed in -368 mCNE, +110 and +110.5-2. They 

were selected for further investigation. The +110 mCNE also contained binding sites 

for GATA1, GATA2 and p300. GATA2 is expressed in haematopoietic progenitors. 

p300 interacts with many transcription factors to increase the expression of target 

genes.  

In total, 6 mCNEs were selected for functional analysis; -368, -101, +24, +58.5, 

+110 and +110.5-2. ENCODE data identified cell-type specific putative regulatory 

regions that may be related to AML pathogenesis.  

3.2 Cloning the mCNEs 

mCNE sequences were amplified from I-Sce I plasmid using PCR (section 

2.2.3) and cloned into PCR®8/GW/TOPO entry vector (section 2.2.7). An EcoRI 

restriction digest was carried out to confirm successful cloning. EcoRI cut sites flank 
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the TOPO cloning sites; therefore EcoRI digestion releases the cloned region (Figure 

3.9).  

 

Figure 3.9: EcoRI restriction digest of TOPO entry vectors. Each TOPO vector contained the desired 

mCNE. 

 

TOPO vectors containing -368 mCNE, +110 mCNE and +110.5-2 mCNE were 

kindly provided by Bryony Leeke. 

Following successful cloning into TOPO vectors, mCNEs were recombined into 

the insulator assay vector (INS), zebrafish enhancer vector (ZED) and luciferase 

reporter constructs (pGL4.23-GW). Each TOPO vector mCNE was cloned into the 

destination vectors using the Gateway® system (LR Clonase ® Enzyme mix). 
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To detect whether recombination into INS and ZED vectors was successful a 

Bg1II restriction digest was performed (Figure 3.10). The products from the digest 

matched the expected size, indicating that recombination was successful.  

Bg1II digestion products of the empty ZED vector: 5184, 3754, 1196 and 535 

bp. The ZED vector gateway cassette contains a Bg1II digestion site (1196 bp). When 

an insert is present, the 1196 band will disappear. The resulting digestion products will 

be: 6385 + insert size, 3754, 535 bp. 

The INS vector when empty results in two bands between 2000 and 5000 bp. 

The presence of an insert results in a shift of the lower band. The INS vector gateway 

cassette is a 1.7 kb region within the Bg1II sites. This region contains the ccdB gene, 

which encodes for a bacterial toxin. The bacterial toxin kills any cells that do not 

contain the mCNE insert.  

Bryony Leeke kindly provided -368 mCNE, +110 mCNE and +110.5-2 mCNE 

in INS and ZED vectors. 

 

Figure 3.10: Bg1II restriction enzyme digest of ZED and INS cloning products. Each vector 

successfully contained mCNE. 

 

Successful cloning of pGL4.23-GW vectors was analysed by sequencing 

comparison (Appendix VI). All mCNEs except -368 were successfully cloned. 
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Successful synthesis of Tol2 transposase mRNA was visualised using gel 

electrophoresis (Figure 3.11).  

 

Figure 3.11: Agarose gel electrophoresis of Tol2 transposase mRNA. 

 

3.3 In vivo zebrafish insulator assay 

The insulator assay vector (INS) has been designed to assay the functional 

ability of a putative insulator (Bessa et al., 2009). 

 

Figure 3.12: Diagram of Insulator assay vector (INS). This vector contains a zebrafish brain enhancer 

(Z48) shown in pale orange upstream of the gateway cassette (yellow), which is immediately upstream of 

the cardiac actin promoter (blue). The cardiac actin promoter sits immediately upstream of the green 

fluorescent protein (green). Tol2 sites (orange) allow for germline integration of the vector into the 

zebrafish genome. 

 

The Cardiac Actin Promoter (pCarA) regulates the down stream gene, Green 

Fluorescent Protein (GFP). The pCarA constitutively drives strong GFP expression in 
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the somites and heart. Upstream from pCarA is a Z48 enhancer, which interacts with 

the promoter to drive GFP expression in the midbrain. Between the Z48 enhancer and 

pCarA are gateway sites, into which a DNA region of interest can be cloned by 

recombination. The putative insulator, if functional, will block the Z48 enhancer from 

interacting with the pCarA. 

Tol2 sites permit transposon-mediated integration into the zebrafish genome 

with high efficiency in the presence of Tol2 transposase mRNA (Kawakami, 2005). 

Integration is not necessary for analysis of the INS vector as there is strong transient 

expression. Germline integration into the host genome leads to intergenerational 

expression of the INS cassette. If vector is successfully integrated non-mosaic 

expression patterns are seen. Unsuccessful or partial integration can lead to inconsistent 

and mosaic expression.  

The interaction of the Z48 enhancer and putative insulator with the promoter 

can be quantified by comparative analysis of the somite GFP expression to the 

midbrain GFP expression in the zebrafish. The ratio of somite:midbrain GFP increases 

if the gateway-cloned region is acting as an insulator. Following microinjection of INS 

into zebrafish embryos, the somite: midbrain ratios were calculated.  

Optimisation of the INS assay was performed with varied concentrations of 

Tol2 transposase mRNA with the recommended 30 ng/µl INS vector DNA (Bessa et 

al., 2009). This ensured the introduction of the vector did not damage developing 

embryos. It was also used to identify the most efficient expression rate. 30, 60 and 90 

ng/µl of Tol2 transposase mRNA were injected. It was determined from optimisation 

that 30 ng/µl INS and 90 ng/µl Tol2 transposase mRNA produced the most efficient 

integration without significant effects on embryo survival (section 2.4.2).  



	   64 

The INS vectors with selected mCNEs were injected on the same day as empty 

INS vector, which acts as the negative control (Figure 3.13). Embryos were selected if 

their somites were completely fluorescent as this indicated good somatic integration 

(Figure  3.13C’). Two independent biological replicates were completed.  

 

Figure 3.13: Insulator injections and selection A) combined survival and fluorescence ratios from INS 

constructs injected into single celled embryos. B) Example image of partial GFP expression in the 

somites of 36 hpf zebrafish embryo. C) Example of completely fluorescent somites in zebrafish embryo. 

 



	   65 

At least 17 completely fluorescent imaged embryos from each vector were used 

for analysis in Image J. Results are presented in box and whisker plots (Figure 3.14). A 

previously described zebrafish insulator (z+14) (J. Marsman et al., 2014) was used as a 

positive control. To detemine if the somite: midbrain GFP expression of a given mCNE 

was significantly different to the control, the Kruskal-Wallis test was performed. Using 

this analysis the median provided a more informative number than the mean, as any 

major outliers that were identified would distort the mean. Each vector dataset was 

compared to empty INS vector dataset (control) to establish median variation. Although 

ratio variation was observed between the control and the mCNEs no significant 

differences were detected. 
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Figure 3.14: Insulator assay results A) combined results from vector constructs injected into single 

celled embryos. P-value <0.005 between controls and previously confirmed insulator z+14 (**). B) 

Example image of INS vector without any insert has comparable expression in the midbrain and somites 

of 36 hpf zebrafish embryo. C) Example of a significant decrease in midbrain expression. Red boxes 

highlight somite and mid brain areas. 
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3.3.1 Summary 

Based on the zebrafish insulator assay there is no evidence to suggest the 

selected mCNEs act as insulators. Each injected insulator construct (INS empty, INS 

mCNEs, INS z+14) had a broad range of somite to midbrain GFP disparity. Despite the 

extensive range of somite:midbrain ratios, z+14’s insulator ability remained statistically 

significant.  

In silico predictions showed no predicted CTCF binding capacity for any of the 

mCNEs. CTCF is well known for its insulator activity, which is well conserved across 

vertebrates. z+14 recruits CTCF and cohesin and acts as an insulator in vivo. The lack 

of CTCF binding sites in mCNEs may directly relate to the lack of insulator ability. 

Although this assay uses F0 embryos, and therefore involves analysing mosaic 

GFP expression, it is not essential to create a transgenic line and analyse F1 animals. 

The mosaic expression occurs in both the midbrain and the somites and the analysis of 

INS injected embryos represents the varying expression.  

3.4 In vivo zebrafish enhancer assays 

3.4.1 I-Sce I enhancer assay 

The I-Sce I enhancer assay vector (I-Sce I) has been designed to assay the 

functional ability of a putative enhancer. mCNEs were previously cloned into I-Sce I 

vector by Ng et al., (2010). 
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Figure 3.15: Schematic representation of I-Sce I enhancer assay vector. This vector contains gateway 

entry site for previously cloned regions of interest (yellow) immediately upstream of the zebrafish heat 

shock promoter (blue). The zebrafish heat shock promoter sits immediately upstream of the green 

fluorescent protein (green). I-Sce I sites (orange) allow for integration of vector into host genome.  

 

The zebrafish heat shock protein 70 minimal promoter (zhsp70p) regulates the 

downstream gene, GFP. Upstream from zhsp70p the mCNE is inserted; if the mCNE is 

an enhancer, it will interact with zhsp70p to drive cell-specific GFP expression. 

I-Sce I sites allow integration into the zebrafish genome with high efficiency in 

the presence of I-Sce I meganuclease (Thermes et al., 2002). Integration of vector into 

the host genome leads to host expression.  
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Figure 3.16: I-Sce I injection ratios. Combined survival and fluorescence ratios from vector constructs 

injected into single celled embryos. 

 

I-Sce I injections (section 2.4.2) were repeated for each vector on two different 

days. Uninjected controls were kept to measure the embryo survival rates. This also 

ensured I-Sce I vector was injected without significant effects on embryo survival 

(Figure 3.16). This vector proved to very inefficient for analysis. Ng et al., (2010) saw 

GFP expression after 20-28 hpf, this was not observed in this study. Minor fluorescence 

was observed from -368, -101, +24 and +110 mCNEs at 48 hpf. 
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Figure 3.17: I-Sce I -368mCNE fluorescence in 48 hpf zebrafish. The red arrow indicates the 

fluorescence driven by this vector. Zebrafish positioned laterally with the anterior to the left. A) Shows a 

fluorescent I-Sce I -368 zebrafish embryo. Red arrow indicates similar somite GFP expression that was 

seen in all three fluorescent -368 embryos (n=3).B) Shows a zoom of A (blue box highlights area of 

zoom). The red arrows in B’ and B” indicate fluorescence in the zebrafish dorsal aorta or intersegmental 

vessels. 
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Figure 3.17B shows I-Sce I -368 mCNE with stationary fluorescence in the 

dorsal aorta (DA) or intersegmental vessels (ISV) (Figure 3.18). The fluorescence was 

not in circulating cells, therefore it may represent blood endothelial cells. The location 

of fluorescence is consistent with developing blood vessels (DA) and (ISV). As I-Sce I 

drives cell-type specific fluorescence, this indicates that -368 mCNE might act as a 

blood specific enhancer. 

 

Figure 3.18: Lateral view drawing of circulatory system of a zebrafish embryo at 48 hpf. 

Intersegmental vessels (highlighted by the blue box) sprout from the dorsal aorta (red) and connect to 

dorsal longitudinal anastomic vessels (purple) (Isogai et al., 2003). 
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Figure 3.19: Typical example of I-Sce I -101mCNE fluorescence in 48 hpf zebrafish. Red arrow 

indicates similar somite GFP expression, which was seen in both fluorescent -101 embryos (n=2). 

Zebrafish positioned laterally with the anterior to the left 

 

1.09 % of the injected I-Sce I -101 mCNE embryos showed fluorescence. Each 

of the two zebrafish had a small fluorescent fleck in the tail (Figure 3.19). 
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Figure 3.20: Typical example of I-Sce I +24mCNE fluorescence in 48 hpf zebrafish. Red arrow 

indicates similar somite GFP expression that was seen in all ten fluorescent +24 embryos (n=10). 

Zebrafish positioned laterally with the anterior to the left 

 

2.57 % of +24 mCNE injected embryos displayed fluorescence. All 10 embryos 

observed displayed minor GFP flecks in the embryo’s somites (Figure 3.20). 
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Figure 3.21: I-Sce I +110mCNE fluorescence in 48 hpf zebrafish. The red arrow indicates the 

consistent fluorescence driven by this vector seen in all three embryos (n=3). Zebrafish positioned 

laterally with the anterior to the left. A) Shows a fluorescent I-Sce I +110 zebrafish embryo. B) Shows a 

zoom of zebrafish heart (blue box highlights area of zoom). The red arrows in B’ and B” indicate 

stationary fluorescence in the zebrafish heart. 

 

I-Sce I +110mCNE drove GFP expression in the heart in all observed 

fluorescent embryos. In addition to heart expression, some GFP specks were observed 

in the tail of these embryos. The amount of stationary fluorescence viewed in the 

zebrafish heart suggests endothelial expression. The heart continued to pump and 

fluorescence was not altered, indicating pattern was not representative of pooled blood 

cells. 
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3.4.1.1 Summary  

Ng et al., (2010) observed fluorescence in embryos 18-22 hpf. However, in this 

project, no fluorescence was noted in this time period using the I-Sce I assay. However 

48-52 hpf fluorescence was detected in -368, -101, +24 and +110 mCNEs. Despite 

success with this assay (Ng et al., 2010; Rembold et al., 2006) previous members of the 

Horsfield lab did not observe any fluorescence in injected embryos. Perhaps the reason 

previous attempts to view I-Sce I fluorescence failed was due to the time difference 

between reported GFP expression and observed expression. 

 I-Sce I -368 mCNE produced three fluorescent embryos in total. They each had 

one fluorescent somite. One of the embryos contained fluorescent cells that appeared to 

be part of the dorsal aorta or intersegmental vessels. It is possible these cells are 

endothelial as they appeared to be stationary under the microscope. The dorsal aorta is 

a main axial vessel, which carries blood away from the heart, towards the tail. The 

posterior cardinal vein carries the blood back from the tail, through the yolk and back to 

the heart. The intersegmental vessel stems from the dorsal aorta and carry blood 

between the somite segments. The first wave of definitive haematopoiesis arises in the 

dorsal aorta at 31 hpf. This suggests -368 has potential to act as a blood cell-specific 

enhancer and may be involved in the initial wave of definitive haematopoiesis. 

Two of the injected -101 mCNE embryos appeared fluorescent. Each of the 

embryos presented GFP in a somite. This is not informative of the cell-specific nature 

of -101, however, it indicates that -101 mCNE is capable of acting as an enhancer. 

The +24 mCNE injected embryos revealed ten that were fluorescent. All 

embryos showed at least one green fluorescent somite. Though this was not the 

expected fluorescence from the positive control, it indicated the enhancer ability of the 
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mCNE. Findings in injected +24 embryos were minimal, despite this being the positive 

control. Cell-specific enhancer activity for the other mCNEs tested in this assay can not 

confidently be excluded. 

Three of the injected +110 mCNE embryos displayed green fluorescence in the 

heart. As this pattern of fluorescence was consistent between all embryos, it is likely 

that +110 is a heart-specific enhancer.  

No fluorescence was observed in the embryos injected with +58.5 and +110.5-

2. However this does not rule out these regions as enhancers as the efficiency of the I-

Sce I vector was low (<2.6 %). 

3.4.2 ZED enhancer assay 

Due to low efficiency of the I-Sce I assay system, the Zebrafish enhancer 

detector (ZED) assay vector was employed to determine the functional ability of a 

putative enhancer. 

 

Figure 3.22: Schematic representation of ZED assay vector. This vector contains two cassettes, the 

first cassette consists of cardiac actin promoter (blue) upstream of Red Fluorescent Protein (red). The 

second cassette contains the gateway cassette (yellow), which is immediately upstream of the GATA2 

promoter (blue), upstream of the green fluorescent protein (green). The second cassette is protected by 

insulator sequence (purple). Tol2 sites (orange) allow for integration of vector into zebrafish genome. 

 

This vector is composed of two different cassettes. pCarA regulates the down 

stream gene, Red Fluorescent Protein (RFP). This cassette constitutively drives strong 
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RFP expression in the somites, which acts as an internal control for successful 

integration. The second cassette contains a gateway entry site for the putative enhancer, 

a gata2 minimal promoter and the enhanced GFP reporter gene. If the mCNE acts as an 

enhancer it will interact with the gata2 promoter to drive cell-specific GFP expression. 

The enhancer detection cassette is flanked by two insulator sequences to prevent 

interaction between the two cassettes. The two insulator sequences also prevent 

position effects from the surrounding DNA after integration, eliminating false positives. 

LoxP and FRT sites allow for deletion of either cassette using Flipase or Cre 

recombinase. 

Tol2 sites permit transposon-mediated integration into the zebrafish genome 

with high efficiency in the presence of Tol2 transposase mRNA, as previously 

described in section 3.3. 

Optimisation of the ZED assay was performed with varied concentrations of 

Tol2 transposase mRNA and MilliQ H2O with the recommended 30 ng/µl ZED vector 

DNA (Bessa et al., 2009). This ensured the introduction of the vector did not damage 

the developing embryos, as well as identifying the parameters, which produced 

efficient integration. 30, 60, 90 ng/µl of Tol2 transposase mRNA were injected (section 

2.4.2). It was determined from optimisation that 30 ng/µl ZED and 90 ng/µl Tol2 

transposase mRNA produced the most efficient integration without significant effects 

on embryo survival. 

The ZED vectors with selected mCNEs were injected into 1-cell stage embryos. 

ZED vector without an insert was injected as the negative control (Figure 3.23). Each 

vector injection was repeated on two different days. ZED +110 mCNE and ZED +110-

2.5 mCNE were injected and analysed by Bryony Leeke. 
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Embryos were selected if their somites expressed full RFP at 4 dpf (Figure 

3.23C). Each embryo that displayed complete fluorescence was allowed to develop to 

adulthood. Each F0 fish had the potential to contain the transgene of interest and 

establish a distinct transgenic line.  

 

Figure 3.23: ZED F0 injections and fluorescent selection A) combined survival and fluorescence ratios 

from vector constructs injected into single celled embryos. B) Example image of 4 dpf zebrafish embryo, 

which shows partial expression in the somites. C) Example of completely fluorescent somites in 

zebrafish embryo. 

 



	   79 

Each transgenic line was outcrossed with wild type fish to determine rates of 

transgene integration in each individual fish. Each F0 line produced at least 10 sexually 

mature fish. These fish underwent at least 9 rounds of breeding to produce at least 100 

embryos each. The raw F1 embryo survival and fluorescence data can be found in 

Appendix VII. Unfortunately, of the 4518 embryos only 8 showed RFP, and there was 

no detected GFP expression (Figure 3.24).  
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Figure 3.24: ZED F1 fluorescence ratios A) combined survival and fluorescence ratios from F1 

outcrosses. B) Example image of 4 dpf zebrafish embryo. C) Shows RFP expression in the somites. D) 

Example of zebrafish embryo auto-fluorescence in the GFP channel. 
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3.4.2.1 Summary 

The zebrafish enhancer detector assay (ZED) is cleverly designed to test the 

cell-specific functional ability of a putative enhancer, with an internal control to 

analyse injection efficiency.  

Although some strong enhancers have been detected using transient GFP 

expression in this system, it is more informative to analyse the F1 fluorescence, as each 

embryo should have complete integration of the construct (Bessa et al., 2009). Cell-

specific GFP expression would reveal the target of the enhancer and provide 

understanding of the spatiotemporal regulation driven by each of the mCNEs. 

The injected generation F0 presented complete fluorescence in the somites of 37 

% of embryos, which were selected to produce transgenic lines. When the F0 were 

sexually mature they were out-crossed with wild type fish in order to determine the 

individual integration success of the assay into the gametes.  

After the examination of 4510 embryos from 55 F0 transgenic individuals only 

0.7 % exhibited RFP expression and no GFP expression was observed. These results 

suggest the ZED vector did not integrate successfully into the host genome. This 

indicates the expression of RFP in F0 was transient and the Tol2-mediated transgenesis 

was inefficient. 

3.5 In vitro enhancer assay 

The possible cell-specific enhancer functions of each mCNE was not 

satisfactorily defined by the zebrafish in vivo assays. Therefore, a cell culture based 

luciferase reporter assay was employed to determine if the mCNEs could function as 

enhancers in vitro. The first step was to determine if a selected set of cell lines 

possessed endogenous Runx1 expression. If the mCNEs regulate Runx1 expression, it 
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preferable to study them in cell lines that normally express the Runx1 gene. 

Transcription factors that regulate Runx1 are likely to interact with mCNEs when 

Runx1 is expressed. Runx1 gene transcript levels were analysed in HeLa (human 

cervical cancer), NIH3T3 (mouse fibroblast) and MCF7 (human breast cancer) cell 

lines. These cells were chosen based on availability, high transfection efficiency and 

reproducibility. Leukaemia cell lines are harder to transfect and vary considerably 

between experiments. The ability of mCNEs to act as enhancers in the selected cell 

lines was later determined using a luciferase reporter assay. 

3.5.1 Quantitative reverse transcriptase (qRT) PCR analysis of Runx1 

transcript levels in cell lines 

Three main Runx1 isoforms are expressed from the distal P1 and the proximal 

P2 promoters. Quantitative PCR was used to measure endogenous P1- and P2- 

generated Runx1 expression in HeLa, NIH3T3 and MCF7 cell lines. To determine the 

Runx1 P1, Runx1 P2 and overall Runx1 transcript levels in NIH3T3 (mouse fibroblast) 

and B-actin and Gapdh were used as housekeeping genes. In the human cell lines 

(MCF7 and HeLa) H-CYCLOPHILIN and GAPDH were used as housekeeping genes.  

The expression profile of housekeeping genes and Runx1 in NIH3T3 cells is 

presented in Figure 3.25. The relative expression of the two mouse housekeeping 

genes, B-actin and Gapdh, in NIH3T3 cells was used for the normalisation of Runx1 

expression data (Figure 3.24A). P1-Runx1, P2- Runx1 and total Runx1 were all 

expressed in NIH3T3 cells at similar levels to the housekeeping genes (Figure 3.25B).  

RUNX1 expression data in HeLa cells was normalised by using the relative 

expression of two human housekeeping genes, GAPDH and H-CYCLOPHILIN (Figure 

3.26A). P1-RUNX1 was overexpressed in HeLa cells by 15 fold, where as, P2- RUNX1 
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and total RUNX1 were expressed at comparable levels to the housekeeping genes 

(Figure 3.26B). 

GAPDH and H-CYCLOPHILIN were also used as housekeeping for MCF7 cells 

(Figure 3.27A). MCF7 cells did not produce a P1-RUNX1 transcript, however P2- and 

total RUNX1 were expressed at similar levels to the housekeeping genes (Figure 

3.27B). 
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Figure 3.25: Endogenous gene expression analysis in NIH3T3 cells using qRT-PCR. Average of two 

biological replicates +/- standard error of mean (S.E.M) shown as a bar graph (n=2). A) Expression of 

housekeeping genes B-actin and Gapdh. B) Expression of Runx1 transcribed from P1, P2 and the total 

Runx1 expression. All Runx1 transcripts are expressed at similar levels to the housekeeping genes. 



	   85 

 

Figure 3.26: Endogenous gene expression analysis in HeLa cells using qRT-PCR. Average of two 

biological replicates +/- standard error of mean (S.E.M) shown as a bar graph (n=2). A) Expression of 

housekeeping genes GAPDH and H-CYCLOPHILIN. B) Expression of RUNX1 transcribed from P1, P2 

and the total RUNX1 expression. P1-RUNX1 transcripts are increased (15 x) in HeLa cells, compared to 

P2-RUNX1 and RUNX1 total, which are expressed at similar levels to the housekeeping genes. 
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Figure 3.27: Endogenous gene expression analysis in MCF7 cells using qRT-PCR. Average of two 

biological replicates +/- standard error of mean (S.E.M) shown as a bar graph (n=2). A) Expression of 

housekeeping genes GAPDH and H-CYCLOPHILIN. B) Expression of RUNX1 transcribed from P1, P2 

and the total RUNX1 expression. P1-RUNX1 transcripts are not expressed in MCF7 cells, where as P2-

RUNX1 and RUNX1 total, which are expressed at similar levels to the housekeeping genes. 
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The different Runx1 expression profiles across these cell lines provided a broad 

and informative background for the investigating putative enhancers in the luciferase 

assay. 

3.5.2 Luciferase reporter constructs 

To test the enhancer capability of mCNEs, their ability to drive expression of 

the firefly luciferase reporter gene Luc2 (Phoinus pyralis) was assayed. Luc2 was 

previously cloned into the eukaryotic reporter gene vector pGL4.23-GW (Pasquali et 

al., 2014).  

 

Figure 3.28: Diagram of Luciferase reporter construct pGL4.23-GW. This 4283 bp vector contains 

Gateway cassette (yellow) immediately upstream of the minimal promoter (blue). The minimal promoter 

(minP), a TATA-box promoter element, drives low basal expression, which allows for sensitive 

responses to promoterless regions of interest. The minP sits immediately upstream of the Luciferase 

reporter gene Luc2 (green) (Paguio et al., 2005). 

 

If an enhancer is cloned into the Gateway site of pGL4.23-GW there will be an 

increase in expression of Luc2, which can be determined with a luminometer. Each 

mCNE was cloned into the pGL4.23-GW (pGL4) vector, with the exception of -368, 

which did not successfully clone. The empty pGL4 plasmid was included to monitor 

background luciferase activity of the reporter construct and acted as a negative control.  

A Renilla luciferase reporter construct was co-transfected with the mCNE pGL4 

reporter constructs. Firefly and Renilla luciferases have distinct evolutionary origins, 

dissimilar enzyme structures and substrate requirements. These features allow these 
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two distinct luciferases to be used as dual-reporters and co-transfected in a single well 

(Sherf et al., 1996). Renilla was used as an internal control, to which the measurement 

of the pGL4 construct variants could be normalised.  

The luminescence emitted was measured 48 hours after transfection. To 

calculate the relative luciferase units (RLU) of each reporter construct, the pGL4 

luciferase value was normalised to Renilla value to account for variations in 

transfection efficiency associated with inter-sample variation. Results were expressed 

as Luciferase/Renilla ratios with vectors carrying putative enhancers relative to the 

ratio of empty pGL4.23 vector (control).  

HeLa, MCF7 and NIH3T3 cell lines were co-transfected with the mCNE pGL4 

constructs and Renilla, then assayed for their relative luciferase activity. Six individual 

replicates were executed for each construct. For NIH3T3 and HeLa cell lines, three 

biological repeats were performed, whereas only two were completed for the MCF7 

cell line. 
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Figure 3.29: Upregulation of luciferase activity in response to the +24 mCNE in NIH3T3 cell line. 

The data shows enhancer activity compared to empty pGL4.23-GW plasmid in NIH3T3 cells, p value 

<0.05 (*). The data were analysed by ANOVA using Graphpad Prism 6 and are represented as mean +/- 

standard error of mean (S.E.M) of at least three experiments (n=3). pGL4 luciferase value was 

normalised to Renilla value and expressed as relative luciferase units (RLU). 

 

In the NIH3T3 cell line, significant enhancement of luciferase activity was 

caused by the previously described enhancer +24 mCNE, (p value <0.05) (Figure 3.29). 

The other mCNE pGL4 constructs did not show any significant change in luciferase 

expression. 
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Figure 3.30: Upregulation of luciferase activity in response to the mCNE +110 in HeLa cell line. 

The data shows enhancer activity driven by mCNE +110 in HeLa cells compared to empty pGL4.23-GW 

plasmid, p value <0.0005 (***). The data were analysed by ANOVA using Graphpad Prism 6 and are 

represented as mean +/- standard error of mean (S.E.M) of at least three experiments (n=3). pGL4 

luciferase value was normalised to Renilla value and expressed as relative luciferase units (RLU). 

 

In the HeLa cell line, mCNE +110 caused significant enhancement of luciferase 

activity (p value <0.0005) (Figure 3.30). The other mCNE pGL4 constructs did not 

show any significant change in luciferase expression. 
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Figure 3.31: No significant change in luciferase activity in response to the mCNEs in MCF7 cell 

line. The data shows no enhancer activity driven by mCNE pGL4 constructs compared to empty 

pGL4.23-GW plasmid in MCF7 cells. The data were analysed by ANOVA using Graphpad Prism 6 and 

are represented as mean +/- standard error of mean (S.E.M) of at least two experiments (n=2). pGL4 

luciferase value was normalised to Renilla value and expressed as relative luciferase units (RLU). 

 

The MCF7 cell line showed no significant change of luciferase activity in 

response to mCNE pGL4 constructs (Figure 3.31).  

3.5.2.1 Summary 

This section aimed to investigate the putative regulation of Runx1 by mCNEs in 

in vitro conditions. Endogenous P2- generated and total Runx1 expression levels were 

conserved between all three cell lines. In NIH3T3 cells P1-Runx1 is expressed at 

similar levels to the housekeeping genes. P1-RUNX1 was not expressed in MCF7 cells. 

P1- generated RUNX1 had a 15-fold increase in relative levels of transcript in HeLa 

cells. The difference between P1- and total RUNX1 in HeLa cell was unexpected, the 
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primers for total Runx1 cover the 4th and 5th exons and were presumed to represent all 

isoforms of Runx1 (Figure 2.3). Perhaps HeLa cells produce an aberrant RUNX1 

isoform.  

NIH3T3 cells showed significant upregulation of +24 mCNE, which indicates 

that +24 operates as an enhancer in this cell line. Significant enhancement in luciferase 

activity of +110 mCNE was observed in the HeLa cell line. If +110 mCNE is acting as 

an enhancer of RUNX1 in HeLa cells, it is likely that it is acting on P1 as there was a 

significant increase in P1- RUNX1 transcript compared to Runx1 transcript detected in 

NIH3T3 cell line. There was no evidence to suggest that the mCNEs had the potential 

to act as enhancers in the MCF7 cell line due to the limited number of biological 

replicates.  

All cell lines express Runx1 in different amounts and from diverse promoters. 

Therefore, mCNEs can be expected to act dissimilarly between cell line assays. 

Notably, it is uncertain whether mCNEs would drive expression in human cancer cell 

lines, this may explain the lack of +24 enhancer activity observed in HeLa cells. 

Luciferase assay data gathered using MCF7 cells is inconsistent. The difference 

between biological repeats represents technical difficulties. MCF7 cells proved difficult 

to seed at an appropriate number. When seeding the cells on to the 96 well plate it is 

important to have the cells reaching 30-50% confluence at 24 hours at time of 

transfection. When the luciferase data was gathered at 48 hours post transfection, the 

cells should be 80-90 % confluent. The recommend level to seed was 8x103, however 

this provided a confluence of 10-15 % 24 post seeding. When the amount of cells was 

increased to 8x104, the cell line was 50-70 % confluent at 24 hours post seeding and 90 
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% confluent 24 hours after transfection. The MCF7 luciferase transfection data is yet to 

be optimised.  
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4 Chapter 4 

Discussion and conclusions  

4.1 Discussion 

Non-coding DNA sequences can be highly conserved and frequently play a 

functional role in regulating gene expression. Precise regulation of gene expression is 

critical to normal development. The spatiotemporally and quantitatively correct 

expression of RUNX1 is likely to involve communication between the promoter and 

cis-regulatory elements. Despite the well-established role of RUNX1 in haematopoiesis 

and cancer, the cis-regulatory mechanisms that modulate RUNX1 remain enigmatic.  

The discovery of +24 mCNE as a haemogenic endothelial cell-specific enhancer 

in mouse embryos provided an insight into a mechanism behind the cell type-specific 

transcriptional regulation of Runx1. In light of this identified enhancer, published by 

Nottingham et al., (2007) Bee et al., (2009) and Ng et al., (2010), this project set out to 

investigate the functions of other mCNEs identified by Professor Osato’s group at the 

National University of Singapore. 

It was hypothesised that the previously identified mCNEs may act as functional 

cis-regulatory elements for Runx1. In addition, these putative regulatory regions might 

provide further insight into the orchestration of Runx1 regulation and elucidate its 

genetic role in AML development.  
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Table 4.1: Summary of mCNE activity in regulatory function assays 

mCNE Insulator 
assay 

Enhancer reporter assays 

INS I-Sce I ZED pGL4.23-GW 

-368 No Yes – in Blood 
related cells 

Inconclusive 
results 

Not done 

-101 No Yes –
fluorescent 
somite 

Inconclusive 
results 

No 

+24 No Yes -
fluorescent 
somite 

Inconclusive 
results 

Yes- NIH3T3 
cell line 

+58.5 No No Inconclusive 
results 

No 

+110 No Yes–
Fluorescent 
heart 

Inconclusive 
results 

Yes- HeLa cell 
line 

+110.5-2 No No Inconclusive 
results 

No 

 

The initial research conducted in this study used a series of bioinformatic 

analyses to prioritise each of the mCNE sequences. Although all mCNEs were putative 

regulatory elements, six mCNEs were prioritised as candidates for immediate 

functional analyses on the basis of ENCODE data.  

There is no evidence that the mCNEs act as insulators in vivo, which is in line 

with the lack of CTCF binding sites identified at any of these sites. CTCF is a well-

known insulator binding protein and its binding is often observed in insulatory regions. 

The attempts to identify enhancer activity driven by mCNEs, by utilising I-Sce I 

and ZED reporter assays in zebrafish proved inconclusive. This is contrary to the 

success of these assays in previous studies (Rembold et al., 2006) (Bessa et al., 2009; 

Ng et al., 2010; Thermes et al., 2002). Nevertheless, the results of the I-Sce I enhancer 
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assay suggested -368, -101, +24 and +110 mCNEs had potential to act as enhancers, 

since they all drove expression of GFP in the developing zebrafish embryo.  

Enhancer activity of +24 mCNE was confirmed using pGL4.23-GW reporter 

construct in the NIH3T3 cell line. No +24 enhancer activity was observed in HeLa 

cells, however it is unclear whether a mouse enhancer would drive expression in human 

cancer cell lines. Unlike the previous study, this project was unable to identify and 

characterise the specific functional role of +24 mCNE in haemogenic endothelial cells 

(Ng et al., 2010). Notably, this project discovered that the +24 region probably contains 

two G-quadruplex structures on the basis of results from a G-quadruplex prediction 

programme, and the fact that this study was unable to sequence through the complete 

+24 element (sequencing was likely blocked by the formation of tertiary structure). G-

quadruplexes are often observed in promoters, however their functional role in 

regulatory elements has yet to be defined. 

Though it remains to be validated, -368 mCNE appears to be acting as an 

enhancer. I-Sce I -368 mCNE produced some fluorescence that appeared to be part of 

the dorsal aorta or intersegmental vessels. I-Sce I demonstrated the potential role of -

368 in haematopoiesis. The exact spatiotemporal regulation driven by this element 

requires further investigation. If the fluorescence occurs in the dorsal aorta, the mCNE 

could be involved in the regulation of the initial wave of definitive haematopoiesis.  

Despite lack of evidence of +58.5 and +110.5-2 mCNEs acting as enhancers, 

further testing would be required to confirm this. It is plausible that enhancer activity 

was not observed in the luciferase assay due to the choice of cell lines. No fluorescence 

was observed in the zebrafish enhancer assays. However this could be due to the 
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observed time-points of embryo development. If these mCNEs were involved 

haematopoiesis at later stages, it would not have been observed in these studies. 

The function of +110 mCNE as an enhancer was validated by the combination 

of I-Sce I and pGL4.23-GW reporter assays. The I-Sce I assay implied that this element 

is active specifically in heart cells. P1-regulated RUNX1 is upregulated in HeLa cells 

compared to the other RUNX1 transcripts. It is unsure what gene the +110 mCNE is 

acting on. If +110 is regulating RUNX1, the data from HeLa cells suggests that +110 is 

an enhancer in this cell line, and not in NIH3T3s, because +110 is most likely 

interacting with P1. As there is upregulation of P1-regulated RUNX1 in HeLa cells and 

not other cell lines, it suggests that the increase in enhancer activity of +110 emulates 

the increase in P1-regulated transcript. To confirm that +110 interacts with RUNX1 P1, 

chromosome conformation capture (3C) could be utilised using P1 and +110 as bait. 

During the course of this project, Judith Marsman conducted circularised 

chromosome conformation capture (4C) using +24 region and RUNX1 P1 and P2 as 

bait. The preliminary 4C data indicates that +110 binds to P1 and not P2. This supports 

the role of +110 as an enhancer of RUNX1 and endorses a previously undescribed role 

of RUNX1 in developing heart tissue. 

Intriguingly, RUNX1 is over-expressed in patients that suffer from Ischemic 

Cardiomyopathy (IC). IC is weakness of the heart muscle due to inadequate oxygen 

delivered to the myocardium (Gattenlöhner et al., 2003). RUNX1 may also relate to 

other cardiac defects; copy number variant gains of RUNX1 have been observed in 

patients with congenital heart malformations (Tomita-Mitchell et al., 2012). Though 

the role of RUNX1 expression in the heart is not entirely clear, the role of the +110 cis-

regulatory element may provide insight into how dysregulation of RUNX1 in the heart 
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could occur. As the +110 I-Sce I assay appeared to drive reporter expression in the 

whole heart, it would be informative to analyse the specific heart cells, and 

developmental time points in which the +110 enhancer is active. 

It is also interesting to note that previous studies have identified the potential of 

adult haematopoietic stem cells to regenerate other cell types, including adult valve 

fibroblasts, skeletal muscle, ischemic cardiac muscle and vascular endothelium (Corbel 

et al., 2003; Jackson et al., 2001; Visconti et al., 2006). Because RUNX1 is the master 

regulator of haematopoiesis, it seems plausible that its alternative regulation could 

allow HSCs to give rise to other cell types including heart cells. 

The discrepancy between the cell lines enhancer activity may be explained by 

different transcription factors and epigenomes. The ENCODE data was annotated in 

mouse blood lineages, which may differ from mouse fibroblasts and cervical cancer 

cells. A Gata2 binding site was observed in the +110 mCNE in mouse blood lines. 

Gata2 is known for its role in haematopoietic progenitors, however it has also been 

linked to heart disease in humans (Muiya et al., 2014). Gata2 is expressed in zebrafish, 

mice and human hearts (Minegishi et al., 1999; Uhlen et al., 2010; Vermot et al., 

2009). Assuming the binding data is similar between NIH3T3, HeLa and mouse blood 

cell lines, the Gata2 binding site may be the defining enhancer factor of +110 in HeLa 

cells. The dysregulation of GATA2 and RUNX1 in cardiac disease may be influenced by 

+110. Further analysis of ENCODE data in NIH3T3 and HeLa cell lines may explain 

the inconsistent observed enhancer activity. 

A total profile of the spatiotemporal regulation of mCNEs is difficult to 

elucidate, as the I-Sce I assay did not allow for continuous observation throughout early 
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development. Each of the mCNEs may drive cell-specific enhancement at 

developmental periods not observed.  

Other developmental time-points would be worthwhile to investigate in more 

detail to analyse the varying waves of haematopoiesis. Primitive haematopoiesis occurs 

in zebrafish 12 hpf. Zebrafish definitive haematopoiesis begins first in the ventral wall 

of the dorsal aorta 31 hpf, then in the caudal haematopoietic tissue 2 dpf and finally in 

the kidney marrow 4 dpf. Viewing embryos during these important time-points may 

provide further insight into RUNX1 regulation. 

It has been well established in the literature that critical factors in 

embryogenesis can also play key roles in the development of disease later in life. 

Consequently, there is a need to understand the regulation of RUNX1 in embryonic 

development and its possible role in mature cell maintenance. Although RUNX1 is 

required for the initial production of HSCs, it may be required  for maintenance of other 

cell types. The dysregulated expression pattern of RUNX1 in cancer cells may result 

from disruption of cis-regulatory elements that usually function to maintain expression 

in normal cells. This study researched the possible functional roles of mCNEs on Runx1 

expression. It has presented evidence that although the selected mCNEs do not perform 

an insulator role, some can act as enhancers. This research provides novel evidence that 

+110 mCNE acts as a heart specific enhancer. Nevertheless, more studies are required 

to validate functional roles of other mCNEs and their interaction with Runx1.  

4.2 Future directions 

4.2.1 Direct interaction between mCNEs and RUNX1 

Even though two mCNEs (+24 and +110) were shown to be functional 

enhancers, it cannot be assumed that they are regulating Runx1 solely due to their 
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proximity. Regulation of Runx1 by mCNEs would require direct interaction between 

the putative cis –regulatory elements and a promoter of Runx1. It is also possible that 

mCNEs are involved in long-range interactions with other genes. To identify which 

promoters or DNA elements each mCNE interacts with, circularised chromosome 

conformation capture (4C) using mCNEs and Runx1 promoters as bait could be 

employed. This technique would determine significant interactions and potentially 

detect previously unknown interactions between mCNEs and other genomic regions. 

Although Judith Marsman has provided preliminary data that +110 binds with RUNX1 

P1 this does not rule out the possibility of +110 acting as an enhancer for other genes. 

4.2.2 Confirming mCNE enhancer activity 

Unfortunately, the inefficient integration of the zebrafish enhancer reporter 

constructs prevented a full identification of cell-specific enhancer activity in this 

project. Investigations of the cell-specific activity of each mCNE could be improved 

with a cell-specific enhancer assay from Dr Thomas Becker’s research group 

(Punnamoottil et al., 2015). Analysing more time points during enhancer assays could 

provide a greater understanding of not only how, but also when runx1 is expressed. A 

semi-automatic imaging technique could be employed to efficiently analyse more time 

points (Romano et al., 2014).  

Additionally, the suggestion that -368 mCNE acts as an enhancer could be 

validated using pGL4.23-GW reporter construct in previously used cell lines.  

4.2.3 Cell line specific RUNX1 transcripts 

One question pertaining to the results obtained from the qRT-PCR remains 

unanswered. Why is there a discrepancy between the expression of the P1- regulated 

RUNX1 transcript and RUNX1 total transcript in HeLa cells? If all isoforms of RUNX1 



	   101 

involve expression from exon 4 onwards, it would be expected that RUNX1 common 

primers would produce the same level of transcript produced by P1 primers. To answer 

this question each qRT-PCR sample could be run on a gel to determine the size of each 

of transcript. If the expected size of P1-regulated transcript was observed in HeLa cells, 

this would create further questions about whether HeLa can produce a different isoform 

of RUNX1. If there was an unexpected size difference of the P1 products between cell 

lines; it would suggest that the primers were binding to an unexpected transcript.  

4.2.4 Role of +110 mCNE and Runx1 regulation in the heart 

An intriguing discovery in this study was the role of +110 as a heart specific 

enhancer. There is a need for additional investigation to explain what role it plays. Is 

this mCNE exclusively involved in development, or is it also involved in regulation of 

adult cells? Since +110 is derived from a mouse, it is uncertain if there is a zebrafish 

homologue. Hence, further investigation of +110 should be undertaken in mice. A 

stable mouse transgenic line with +110 mCNE driving GFP could be created to view 

relevant cell-specific information, similar to the +24 GFP mouse line created by Ng et 

al., (2010). CRISPR/Cas techniques could be employed to directly knock out the +110 

mCNE in mice and look for dysregulated heart development, to provide proof of 

enhancer concept.  

4.2.5 Clinical significance 

This study is based on in silico results established by Ng et al., (2010). The 

relevance of these mCNEs to the progression of AML is unknown. Motomi Osato and 

his research group are currently deep sequencing familial platelet disorder with 

acquired leukaemia samples that have no identifiable mutations in the RUNX1 coding 

region or other leukaemia genes. Showing that dysregulation of RUNX1 results from 
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changes to non-coding regulatory sequences in patient samples, would not only explain 

a patient’s AML progression, it could provide future therapeutic targets. G-

quadruplexes can be targeted by small selective binding ligands that can derail 

translation (Bugaut et al., 2012). This has opened up a new avenue in RNA-directed 

drug design. Further research is required to validate G-quadruplexes as drug targets. If 

there is dysregulation of the +24 region, the targeting of the G-quadruplexes may prove 

convenient. 

4.3 Conclusions 

It is well established that precise regulation of Runx1 is critical to normal 

haematopoiesis. Disruptions to the RUNX1 gene due to indel mutation or chromosomal 

translocation are frequently associated with AML. Disruption of the cis-regulatory 

elements that control normal RUNX1 expression may be another mechanism that leads 

to AML. However, the majority of  cis-regulatory mechanisms that 

modulate Runx1 have not been defined. 

The overall aim of this project was to explore the potential of mCNEs to act as 

regulatory elements that could modulate the transcription of  Runx1. Bioinformatic 

analyses considered transcription factor binding; chromatin modifications and other 

epigenetic markers to predict which mCNEs were most likely to possess regulatory 

functions. The selected mCNEs did not act as insulators in a zebrafish assay of 

insulator ability. Potential enhancer activity was observed in zebrafish assays from four 

of the mCNEs (-368, -101, +110, +24). However, cell culture reporter assays could not 

confirm the cis-regulatory activity of -368 and -101. Cell culture assays validated the 

enhancer activity of the +24 and +110 mCNEs. This study also provided novel 

evidence that +110 mCNE may act as a heart specific enhancer. Nevertheless, future 
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studies are required to understand the regulatory potential of Runx1 mCNEs. Further 

studies may elucidate the complexity of Runx1 expression and increase our 

understanding of the pathogenesis of AML.  
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6 Appendix I 

Materials 

All solutions were made using sterile milli-Q water unless otherwise stated. The 

pH adjustments were made using 1 M HCl or NaOH. All primers were synthesized by 

‘Integrated DNA technologies’ [(IDT), Custom Science, NZ] unless otherwise 

specified. 

Chemical reagents and consumables used in this project 

 

Chemical (Abbreviation) Manufacturer  

Agar Bacteriological Oxoid Ltd, UK 

Ampicillin  Sigma-Aldrich, USA 

Bacto™ Tryptone Becton Dickinson and Co, USA 

Bg1 II restriction enzyme mix  New England Biolabs, UK 

Calcium Chloride VMR Prolabo, UK 

Chloramphenicol Sigma-Aldrich, USA 

D-(+)-Glucose Sigma-Aldrich, USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA 

DNase Roche Applied Science, 
Germany 

Dual-Glo® Luciferase Assay System Invitrogen, USA 

Dulbecco’s Modified Eagle Medium powder 
(DMEM) 

Sigma-Aldrich, USA 

Eco RI restriction enzyme New England Biolabs, UK 

Eco RI reaction 10x buffer New England Biolabs, UK 

Ethanol Scharlab, Spain 
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Chemical (Abbreviation) Manufacturer  

Ethidium Bromide Merck, USA 

Ethyl 3-aminobenzoate methanesulfonate salt  Sigma-Aldrich, USA 

Ethylene diamine tetracetic acid (EDTA) Fisher Scientific, USA 

Fetal bovine serum (FBS), NZ origin Gibco, Life Technology, USA 

Gateway LR Clonase II enzyme mix Invitrogen, USA 

Glacial acetic acid Analar Normapur, NZ 

Glycerol VMR Prolabo, UK 

Halocarbon oil 27 Sigma-Aldrich, USA 

Hydrochloric acid BDH Prolabo, UK 

Lipofectamine® 3000  Invitrogen, USA 

Magnesium Sulfate Sigma-Aldrich, USA 

Meganuclease I-Sce I enzyme mix Roche Applied Science, 
Germany 

Methylcellulose Sigma-Aldrich, USA 

Methylene Blue Sigma-Aldrich, USA 

OPTI-MEM reduced serum media Gibco, Life Technology, USA 

pCR8®/GW/TOPO® TA Cloning® kit Life Technology, USA 

Phosphate buffer saline (PBS) tablets Oxoid Ltd, UK 

Platinum Taq Polymerase Life Technology, USA 

Potassium Chloride BDH Prolabo, UK 

Proteinase K Invitrogen, USA 

P3000 Life Technology, USA 

qScript ™ cDNA SuperMix Quanta BioSciences, USA 

Sodium Bicarbonate Sigma-Aldrich, USA 

Sodium Chloride VMR Prolabo, UK 

Sodium Hydroxide VMR Prolabo, UK 

Spectinomycin Sigma-Aldrich, USA 

SYBR ® Green Life Technology, USA 
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Chemical (Abbreviation) Manufacturer  

Trypan blue stain Sigma-Aldrich, USA 

Trypsin-EDTA (0.5%), No phenol red Gibco, Life Technology, USA 

Ultrapure™ Agarose Life Technology, USA 

Ultrapure™ DNase – RNase free distilled water Life Technology, USA 

X-gal Sigma-Aldrich, USA 

Yeast extract Oxoid Ltd, UK 

1 kb Plus DNA ladder Invitrogen, USA 

1 M Tris (pH 8) J.T Baker, USA 

10x Transcription Buffer Roche Applied Science, 
Germany 

10 mM dNTPs Invitrogen, USA 

 

Solutions and buffers 

	  

Luria-Broth (LB) Medium 10 g Tryptone, 5 g Yeast extract, 10 g 
Sodium Chloride, make up to 1 litre with 
milli Q water. Sterilise by autoclaving. 

LB agar Pre- autoclave LB medium with 1.5 % 
Agar Bacteriologial. Sterilise by 
autoclaving. 

70% Ethanol Absolute ethanol dissolved in ddH2O at a 
final concentration of 70 %  

1x Tris-Acetate-EDTA (TAE) buffer 1 M TRIS (pH 8), Glacial acetic acid and 
0.5 M EDTA (pH 8) added to ddH2O at a 
final concentration of 40 mM, 20 mM 
and 1 mM, respectively 

1 % Agarose Gel 1 % Ultrapure™ Agarose in 1 x TAE. For 
a 60 ml gel use 3.6 µl of ethidium 
bromide 

1 x E3 (5 mM NaCl, 0.17 mM KCl, 0.33 mM 
CaCl2, 0.33 mM MgSO4, 10 % (v/v) 
Methylene Blue.) 
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Tricaine 400 mg Tricaine powder (Ethyl 3-
aminobenzoate methanesulfonate salt), 
97.9 ml ddH2O , ~2.1 ml 1 M Tris pH 9. 
Adjust to pH 7. Store in freezer. 

3 % Methylcellulose 3 % Methylcellulose in 1 x E3 solution. 

1x PBS 1 PBS tablet dissolved per 100 ml of 
ddH2O. 

Cyroprotectant Solution 20 % DMSO in FBS. 

DMEM Solution DMEM powder, 3.5 g glucose, 3.7 g 
sodium bicarbonate, pH to 6.9. Sterilise 
by filtration. 
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7 Appendix II 

Plasmid maps  

Plasmid maps of constructs used in this study are presented below. The plasmid 

map for PCR®8/GW/TOPO (TOPO) was obtained from Thermo Fisher Scientific 

brand, Life Technologies; pCR®8/GW/TOPO® TA Cloning Kit with One Shot® 

TOP10 E. coli (https://www.lifetechnologies.com/order/catalog/product/K250020). The 

plasmid map of ISceI-pBSII SK+ (I-Sce I Runx1 +24mCNE-zhsp70-EGFP) was from 

Professor Osato (plasmid donor). Maps of Zebrafish enhancer detector vector (ZED) 

and pminiTol2-Z48-Gw-CARGFP (INS) were obtained from Bessa et al., 2009(Bessa 

et al., 2009), whereas pGL4.23-GW was obtained from Addgene 

(https://www.addgene.org/60323/). 

PCR®8/GW/TOPO (TOPO) 
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ISceI-pBSII SK+ (I-Sce I Runx1 +24mCNE-zhsp70-EGFP) 

 

Zebrafish enhancer detector vector (ZED) 

 



	   123 

pminiTol2-Z48-Gw-CARGFP (INS) 

A) Shows the zebrafish insulator assay containing no insulator (grey). Z48 

enhancer drives GFP expression in the midbrain (pale orange bracket) and the Cardiac 

Actin promoter drives expression in the somites (pale blue open bracket). B) If a strong 

insulator (red) is placed between the enhancer and the promoter, the midbrain 

expression should be reduced. 
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pGL4.23-GW 
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8 Appendix III 

Primer list 

Details of the primers used in this project are listed below. 

 

Primer name Direction Sequence 

TOPO cloning 

GW1 forward GTTGCAACAAATTGATGAGCAATGC 

GW2 reverse GTTGCAACAAATTGATGAGCAATTA 

I-Sce I cloning 

M13 forward GTAAAACGACGGCCAGT 

INS and ZED cloning 

mCNE1 forward AAAGGGAACAAAAGCTGGAG 

mCNE2 reverse AGTCGCTTCTCTTCGGTTGA 

pGL4.23-GW cloning 

RVprimer3 forward CTAGCAAAATAGGCTGTCCC 

qRT-PCR cloning 

mB-actin  forward GCTCTTTTCCAGCCTTCCTT 

 reverse CGGATGTCAACGTCACACTT 

mGapdh forward GGTGCTGAGTATGTCGTGGA 

 reverse CGGAGATGATGACCCTTTTG 

mRunx1 P1 forward AGCCTGGCAGTGTCAGAAGT 

 reverse CTTTCGAAAACGCACCTCTC 

mRunx1 P2 forward GTGATGCGTATCCCCGTAG 

 reverse ATGACGGTGACCAGAGTGC 

mRunx1 total forward GCCATGAAGAACCAGGTAGC 

 reverse GACGGTGATGGTCAGAGTGA 
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Primer name Direction Sequence 

human GAPDH forward TGCACCACCAACTGCTTAGC 

 reverse GGCATGGACTGTGGTCATGAG 

human H-
CYCLOPHILIN 

forward ACGGCGAGCCCTTGG 

 reverse TTTCTGCTGTCTTTGGGACCT 

Human RUNX1 
P1 

forward TTTTCAGGAGGAAGCGATGG 

 reverse TGGCATCGTGGACGTCTCTA 

Human RUNX1 
P2 

forward TTGTGATGCGTATCCCCGTA 

 reverse TCATCATTGCCAGCCATCAC	  

Human RUNX1 
total 

forward AGACCCTGCCCATCGCTTTC	  

 reverse GGTTCTTCATGGCTGCGGTA	  
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9 Appendix IV 

mCNE alignment and sequences  

To obtain the mCNE sequences all PCR products were sequenced. The 

sequencing reaction was performed by Genetic Analysis Services Department of 

Anatomy, University of Otago using M13 forward primer. Sequences were compared 

to the mouse July 2007 (mm9) assembly using BLAT alignment UCSC genome 

browser. An example of BLAT alignment results for +24 mCNE is below. 
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The information discovered for each mCNE including; sequence, size, locations 

on the mouse and human genomes are listed next 

.



	  

	   129 

-368 mCNE 

This element is 597 bp long. In the mouse genome it sits on chromosome 16: 

93,194,420 – 93,195,019, compared to the human genome where it sits at chromosome 

21: 35,476,819 – 35, 476,991.  

GGGGCATGAAGTGGCTGTTCTTATTTAGGTGGCCCCTGTGTGTCAGTCATAG
AGATGAACATGACATTTGCTTAGTGACAGGGCCAGGTGCTTTCTTCTTGTCT
TTAAAGTAAGTATTAACTTTCTTTATTCCAAAATTTTCTGATGAGAACCACT
TGTTACCACGAAAGTTCCAGGCAACGGTATTGGGGGGGGGTGCATTTCTCC
CAAGCCAGGCCATCTCAAGACTCTCTCCAATTTATCCACATGAGTTTTAAAA
AGCACAGTGTACTTCATCTGTAAATGGGAACCCAAGCAAGTCTGCTCATCC
TAGATCTGCCTGGAAATTCGGTAATAAATATTTCTGTCTTTGGTTTTGGAAG
CCATCTGGCTCATCAGACATGTTTGATTTAGGCCCGGCTCCCCCAGAACCAC
ACTTCCCCTTCCTCTTATTGCTATCATGTTTTTCCAAGAACACAGCTCCCCGT
TCCCAGTGCTAACTTGTCCATCTCTCAGGGAAGTCTTGTGCCTCATGTGAAC
AGAACGGATGAGCTTATGAGAAAAGGCCCATTCTGCCTTGGGTAACATTTG
CCAATTCATGCATTTGCTCAGGGATCC 

-101 mCNE 

This element is 743 bp long. In the mouse genome it sits on chromosome 16: 

92,927,566 – 92,928,308, compared to the human genome where it sits at chromosome 

21: 35,170,398 – 35,170,666. 

ATTCTTCTCCCACATCTGCTCCTAGATATGCACCCACTGAATTCCTTACTGC
ACACCTAGAGAGGAAGACAGACAAGGAGAGGGGGCCACAGGGTCCCTGTG
TTCATTTGTCTGAGACCAACCTGCACGGTTTCCAGTAGCTCTCCCTCCACCA
CCACCACCACACTGCTTCCTGTCAGATGTCTGCTGCATGTTGCCTTCCCCCA
CCACCCAGGCAGCCCCATCCTGAGTTGATTTAGGGAAGGTCTTTCATGTGG
CCCCCTGGATCTCTAAACCCTTCCTGGAGCAGATTTATTCATCTCTGTTCCC
GTGCCTCTTTTAACTTGGTGCTTGATTTTGATTTGTTTCCTGGATTTCCCAGC
TGAGCCCAGAGATGGGGATGAAAACTTCCATTGGTGGCAGCCACGAATGTC
ATAAAGGAGTCAGCCGCAGCATGTTTATGGAGGACAGCTGGTCCCCAAAGC
AGGGAGAATGGGGTGCAGAGTGGAACATTCACCTGGCACGGAGTTGTACT
ACTGTATGTGTAGCGCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTC
TCCCTCTCCCTTTCCTTTTGCTGATTATTAGAAGGACTCATAGCCCTGATAAT
TTGGAAGACTGCCTATTATTGTGATGCATTACTCCACTTGCTTATTTGCCGT
AATAGATGAAGTATCTATCAAACTAATCATAAACGTGGCAATAAGCAAGTG
AACCTTGCCTTTCCCTTCC 
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+24 mCNE 

This element is 529 bp long. In the mouse genome it sits on chromosome 16: 

92,801,790 – 92,802,318, compared to the human genome where it sits at chromosome 

21: 35,026,808 – 35,027,102. 

AGCCTTGGGACCCATGCAGAGGTGGGGAGTCCATTTAAGTCTGGTGGGGGT
GGGAGGTGTAAGTTCCACCCCCACCCTTCCTGACACGCTCCTGAACCCTGG
CCACTGCACCTGCTAGGTTCTCACTTCTCTGGGAAGCATCTAGAAACAGGA
CCTCTCACCCACCCCTCCCGGCTGGGCTCTAGGGTGGGGCCCTCACTACCTC
TTTTCTTCTCAAAGAGCCTGGGATGCTGACAGCCTCAGATGGAGGCATCCT
GTTTGTCGAAAAATAAACCGGCAGTTGAAGCCGGGTTGCAAGAGCGAGAA
AACCGCAGGCCTGCGCGCCACTGATAACGTGGGCAGCTTGCTTTTGCAGCA
GTTCCTAGCTGCAGCGGCCCTGTGAAGGCCTGTGTCACCGCCTCCCTTCCTG
TCTCCTCCTCACACCATCCCTCCATCGCTCCTTGCTGGCTCTACCAGCCACTT
GCTGGACCCTTCAGCCACTGGGACCATTGCTTTCCATAAAAAACTCCTTAGT
GCAGTGCAGAGCTGA 

+32 mCNE  

This element is 573 bp long. In the mouse genome it sits on chromosome 16: 

92,794,325 – 92,794,897, compared to the human genome where it sits at chromosome 

21: 35,011,992 – 35,012,196.  

GCAGCGCAAAGACATACAGACAAATGACAGATACACATGCCAACCAACCT
TTCAAACCTTGCTATTAAATTTGAACCAAACGTTAGCTATGGGGGATTAAG
CTAAAGATCGTATTTACTTTAGGCACCTACTTTTTTACTAAACTACCCTAAT
TCAAAGTTTGCCTCTGGCCAGCCACCTCCTTAATCCCATAGCACCTGCCAAG
AGACATCCAATAACCGGTTCTTAGGGCCAGAGCCCAGCACACAAAGAAGA
AGCAGGGCCCCTGATCACGTTACAAGCCAGCTGCCTCCCAAGGGCCGTTAA
GCCAGCTTTGGGGTCCACATCCTCTCTGTGGCTCTCTATAGACTTCATTTGA
ACTGAGAAATTACAGCAGCATTGCCCACTAAAAGGTCAGGAGCAAAGCTG
GCTAGGGGAGACGGGTGTCCAGAATCCCACTGTGCCTTACAACACAAGCGG
TAATTATAAAGGCTATCTTCCTGCTTGGAGCCATAGCTGCTCTCCTGCCTCA
GATGATGACCCCCCCAGCCCCCGCACATGGCATTTGATGATGACTCCCAGG
CCTGTTTTGAT 

+34 mCNE 

This element is 493 bp long. In the mouse genome it sits on chromosome 16: 

92,791,908 – 92,792,400, compared to the human genome where it sits at chromosome 

21: 35,009,013 – 35,009,322. 
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CTGGGCACAGTACTACTTCTGGAGGAGATAAAATTACATCTCTCTTAGGAA
GTCATGCAAAACCGTACCTGAGAAGATCTACTGATCCAATGGGGGAAACAC
AGAAAGACAACACAACAGAACGCAGAGGCCCACTGGTAACGGAGAGACCG
GCAATTGGCTTTGGAACGGCTGGTCATCCGTGTGTTGAATTACAGGCAATT
ATCAGTGGGCTCCCTGTTGGCCGTAATGTAGAGCCATGTGTCAAAGGGAAA
TCTGATCTCTAAGGAGGGAAGCCCCACAGCATCTTTTAATCCTGTGCCAACT
CTGCTGGGTCCAAACCTTTCCACGGTGCATTTTTATTCTTGAAATCCATCTA
ATAATTATTGGTAAAAGTTGCGGTGAGGTTAAGCATCTCTACCAGATCATCT
GGTTTTCAGAAGCTCCAACTGGGGTCATGAAAATAGGCAACTTTGAAGACT
GAAATAAATTCTGCTTTACGCCTTCCATACTG 

+58.5 mCNE 

This element is 486 bp long. In the mouse genome it sits on chromosome 16: 

92,767,565 – 92,768,050 compared to the human genome where it sits at chromosome 

21: 34,974,300 – 34,974,621.  

ACGCGTAAGGCCCTAGAAAGCTGAGGTTGCTGTCATCTGCACCCCATTTCA
TGCCAACCTCATCTTATTCATGTTCTACCCTCCTTTGACCCCAAGATTTCAG
GTCTGGGAAATAGAACCAAATGGAACATGAAAGCTGAAACGAGACCCAGC
CACACACGGCGAGCCCTCTCTGTCTTCAAGTCAAAACTTGGCTGAACCACA
AAGGTTCACCTGGTTTTGAGTAAAAAAACCACACTGAACCACCTTTTTTTTT
TCCTTCTTCATGGTTTCAGTTTGAAAATGAGGTTTCATGCAAAGTCTGCCCC
AGTTTCAGAAGTGCTCCCTTGGCAGAGCTTGGGCACAGCTTGAGCTAATAT
GGACTGGGCTTCGTTGGCACCTCGGGTCAGCCAGCATTGAGGGGGTGCTTC
TGAGTCTGCCTGTGAAGACCCAGGGCTTGAGTAGCTTCGTTTCTGCAATGAT
TTACACGACTGGGAAACATCAAGC 

+86.7 mCNE 

This element is 399 bp long. In the mouse genome it sits on chromosome 16: 

92,739,347 – 92,739,745, compared to the human genome where it sits at chromosome 

21: 34,936,917 – 34,937,305. 

AGAAGGGGGCAGAAGGTAAATTTGATTTAAAGGCTGAAGTGGATTCTCTGT
TTCTTCTTCTTCTTTCCTTAAAAAAAAAATCCTGCCTGGAGCAGAGACAAAG
GGTCCTATTGTGCCCTGACCTAGGCGTGCGGTGTCTCAGACAGAGGCCTAG
CCCAAGGCGCACCGCATCACACACACATGGACCCAATCTTTGTCACCTAAT
AAAGACTCATTGAATCAAAGGGCAGGTTATCATTTATTCTGTAGGCTGACT
AATGCACCATTCTTCCTTTCAAGCAGTCTTTTCTGAAGACTCAAACAATTAG
GCTTTATTATTGTTGCTGTTGCTGTTACTGTAATATTTTAAAAACACAAATG
GACCTGGTAATGTGCCATTGTAACAGGGTGGCTGTAGGC 
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+87.1 mCNE 

This element is 570 bp long. In the mouse genome it sits on chromosome 16: 

92,738,566 – 92,739,135, compared to the human genome where it sits at chromosome 

21: 34,936,165 – 34,936,505. 

CGTTGAGACATTTCGACCAGTCCAGGGTCCCGACAGTTCTGTCTCCCTCCCA
CTGGAGCACTGGCACACCACACCTGGACAGCTCACCTCCTCTGTAGAGTCC
ACAGCCTCTCAGCACAAACGCCTTCCACGGGAGGGAAAGCCGACCCTGTTT
CCATTTAAATGTGAGAACATCTGTTGCCCAGGAGATGGGTTTGCTACCAGG
CACTACTGTTAGATTCCTCGCCAGCGAGTCTGATGCCTTCATGTGGTTTCTG
TTTGCTTCTTTAAACAGTTAATTATGTTTTATTCTTTCTTCTATAAAAGCTAA
ATTTAGCCAAGTTTTATACTAATTTAAAACATTTTCTGGAAATGACAGAAGG
CCATTGTTTAAAAGGCAGCGGAGAGGCAGAGTTCTGGATGGCTGTCTCACA
GGAGCAGGGCGTGGGCGTGGGGGGATGATCGTGGCAGCCTGTGGCTTCGA
GGCTCAAATTTTATTTGATGTATGTGGACAAATAGCGATCAGGTCGTAAAT
CAGTTTACACTGCTACTCACATATGTATCATGACTCGGAAGACAGGAAAGG
GTGGT 

+110 mCNE 

This element is 471 bp long. In the mouse genome it sits on chromosome 16: 

92,715,788 – 92,716,260, compared to the human genome where it sits at chromosome 

21: 34,908,536 – 34,908,896. 

CCCGAAATATCTTTGTCTTTCCTCAGGAGAAGTGTCTTAGGACAGAGTGGCT
GCTACAGCGGAGGTGTTGCTCAATGTTGTGTTACAACACTATTCCAACTGTC
GCTGGGGCGGGGATGGCAGTCTTGCATCAACCCCCTGCAAGGTGTTTCCTG
GGCTTTGCAGACAGCAGTGGGGGAGGTGCTGCTCCTCTTGTGAAGGCAGAT
AATGCCTCCCGCTCCCTCAGCTATCTTCTGGGGCTCGCCCTGGAGATAACAG
CTTCACTGCCTGAGGGAGCCCCACGCTCCCAATTTGTAGATCTATATTGATG
AAGCTTTTTGTGTTTATCAGACACAGTTTTATCATTCCTCTCCAAATGCCCCC
AGTCACACTCAGCCTTTGAACTTTGGCGAATTTATCAAATGGGAGCAATGA
TTGAGGAGATGTAAAGGCTTATCTGGAATTCTAAAGAAAGAGGAACCGAG
CCGGATC 

 +110.5-2 mCNE 

This element is 530 bp long. In the mouse genome it sits on chromosome 16: 

92,713 423 – 92,713 952, compared to the human genome where it sits at chromosome 

21: 34,906,821 – 34,907,129. 
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CTTGCCCTCTCCTGAGCCTCCAAAGGTTACACTTGGAAGTCCTGACCTTAGT
GAGGAGGTTTTCACTGAAGGGGCGCATAACCCTCCCAGCTGGTTTCTAATC
CACCATCAAAACCTAATAAATAATGGATACTAATGACAGCGCTGAGACACC
TATCTGCACTGTCCACCACCGAAGTCAGAGAGAGAACCGAGGCTGCTCCCT
AAAAATGGCATATGGCTCTCTAAATAAAGAGCTATAATGCGTTTTATATTTA
AACCATAAGGCCATGGGCTCCAACCCAAGTGGAGATGGGCTCTGCTCCTTA
AGTACCATTCTGGAAAAGTCATTGAACTACCTATCCAGCTCGCTGGGTTCTG
TGTTGTTAAAACAGCTCATTTCCTTAGACGTACAGCTAGAACAGGTCTGTTG
GCACATCCATCTGCCCGCTGTGCCTGGTGGGAGGATGTCCCCAGCAAGCCA
AGCAGTCCTTCCAAAAAGGCATCTCTAAGAAACTTCTGGAATTAGGGAGGC
GAACAATGTTGTTTTC 
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10 Appendix V 

Prediction of G-quadruplexes 

To obtain the sequence of +24 mCNE, forward and reverse primers (III) were 

used. Despite multiple attempts and different primers, the mCNE was never sequenced 

the full way through.  

When compared back to the +24 mCNE sequence sent by Osato, it was noted 

that the sequences stopped in the same place every time. The online tool QGRS mapper 

was used to predict if there was a G-quadruplex structure (Kikin et al., 2006). The 

Osato +24 mCNE sequence is shown below. The area that could not be sequenced is 

underlined; the probable G-quadruplex is highlighted in yellow. The most likely G-

quadruplex is GGTGGGGGTGG, reverse complement CCACCCCCACC 

Forward sequence 

TCAGCTCTGCACTGCACTAAGGAGTTTTTTATGGAAAGCAATGGTCCCAGT
GGCTGAAGGGTCCAGCAAGTGGCTGGTAGAGCCAGCAAGGAGCGATGGAG
GGATGGTGTGAGGAGGAGACAGGAAGGGAGGCGGTGACACAGGCCTTCAC
AGGGCCGCTGCAGCTAGGAACTGCTGCAAAAGCAAGCTGCCCACGTTATCA
GTGGCGCGCAGGCCTGCGGTTTTCTCGCTCTTGCAACCCGGCTTCAACTGCC
GGTTTATTTTTCGACAAACAGGATGCCTCCATCTGAGGCTGTCAGCATCCCA
GGCTCTTTGAGAAGAAAAGAGGTAGTGAGGGCCCCACCCTAGAGCCCAGC
CGGGAGGGGTGGGTGAGAGGTCCTGTTTCTAGATGCTTCCCAGAGAAGTGA
GAACCTAGCAGGTGCAGTGGCCAGGGTTCAGGAGCGTGTCAGGAAGGGTG
GGGGTGGAACTTACACCTCCCACCCCCACCAGACTTAAATGGACTCCCCAC
CTCTGCATGGGTCCCAAGGCT  
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Reverse sequence 

AGCCTTGGGACCCATGCAGAGGTGGGGAGTCCATTTAAGTCTGGTGGGGGT
GGGAGGTGTAAGTTCCACCCCCACCCTTCCTGACACGCTCCTGAACCCTGG
CCACTGCACCTGCTAGGTTCTCACTTCTCTGGGAAGCATCTAGAAACAGGA
CCTCTCACCCACCCCTCCCGGCTGGGCTCTAGGGTGGGGCCCTCACTACCTC
TTTTCTTCTCAAAGAGCCTGGGATGCTGACAGCCTCAGATGGAGGCATCCT
GTTTGTCGAAAAATAAACCGGCAGTTGAAGCCGGGTTGCAAGAGCGAGAA
AACCGCAGGCCTGCGCGCCACTGATAACGTGGGCAGCTTGCTTTTGCAGCA
GTTCCTAGCTGCAGCGGCCCTGTGAAGGCCTGTGTCACCGCCTCCCTTCCTG
TCTCCTCCTCACACCATCCCTCCATCGCTCCTTGCTGGCTCTACCAGCCACTT
GCTGGACCCTTCAGCCACTGGGACCATTGCTTTCCATAAAAAACTCCTTAGT
GCAGTGCAGAGCTGA 

When the overlapping sequence data was examined, a small chunk of sequence 

is unable to be read (underlined area). Two predicted quadruplex structures sit either 

side of the region that could not be sequenced. 

AGCCTTGGGACCCATGCAGAGGTGGGGAGTCCATTTAAGTCTGGTGGGGGT
GGGAGGTGTAAGTTCCACCCCCACCCTTCCTGACACGCTCCTGAACCCTGG
CCACTGCACCTGCTAGGTTCTCACTTCTCTGGGAAGCATCTAGAAACAGGA
CCTCTCACCCACCCCTCCCGGCTGGGCTCTAGGGTGGGGCCCTCACTACCTC
TTTTCTTCTCAAAGAGCCTGGGATGCTGACAGCCTCAGATGGAGGCATCCT
GTTTGTCGAAAAATAAACCGGCAGTTGAAGCCGGGTTGCAAGAGCGAGAA
AACCGCAGGCCTGCGCGCCACTGATAACGTGGGCAGCTTGCTTTTGCAGCA
GTTCCTAGCTGCAGCGGCCCTGTGAAGGCCTGTGTCACCGCCTCCCTTCCTG
TCTCCTCCTCACACCATCCCTCCATCGCTCCTTGCTGGCTCTACCAGCCACTT
GCTGGACCCTTCAGCCACTGGGACCATTGCTTTCCATAAAAAACTCCTTAGT
GCAGTGCAGAGCTGA 
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11 Appendix VI 

Sequence confirmation of mCNE inserts in pGL4.23-GW 

To confirm the mCNE cloning into pGL4.23-GW vectors, all transformants 

were sequenced. The sequencing reaction was performed by Genetic Analysis Services 

Department of Anatomy, University of Otago using RVprimer3. Each sequence was 

compared to the original mCNE sequence using BLAST 2 Sequences (bl2seq) online 

tool (www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi) (Tatusova et al., 1999). All 

transformants successfully contained the desired mCNE (-101, +24, +58.5, +110, +110-

5.2), except -368 mCNE, which would not clone. Below is an example of the successful 

alignment of query sequence TOPO +110mCNE, and subject sequence +110mCNE 

pGL4.23-GW. 
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12 Appendix VII 

ZED F1 embryo survival and fluorescence data 

Zebrafish line 
Fish 
number 

Total 
embryos 

Dead 
embryos 

Alive 
embryos 

RFP 
embryos 

GFP 
embryros 

TgZED(AB/PS) 1 219 135 84 - - 

 2 81 25 56 - - 

 3 135 46 89 - - 

 4 143 19 124 - - 

 5 39 35 4 - - 

 6 46 46 - - - 

 7 83 41 42 - - 

 8 15 15 - - - 

 9 37 37 - - - 

 10 110 6 104 4 - 

Tg+58.5 ZED 
(AB/PS) 1 172 74 98 - - 

 2 81 72 9 - - 

 3 218 130 88 2 - 

 4 190 22 168 - - 

 5 154 27 127 - - 

 6 129 12 117 - - 

 7 58 9 49 - - 

 8 94 15 79 1 - 

 9 43 2 41 - - 

 10 65 17 48 - - 

 11 65 55 10 1 - 

 12 169 6 163 - - 
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Zebrafish line 
Fish 
number 

Total 
embryos 

Dead 
embryos 

Alive 
embryos 

RFP 
embryos 

GFP 
embryros 

Tg+24 ZED 
(AB/PS) 1 34 20 14 - - 

 2 81 6 75 - - 

 3 33 3 30 - - 

 4 3 3 - - - 

 5 19 6 13 - - 

 6 18 18 - - - 

 7 10 10 - - - 

 8 42 6 36 - - 

 9 124 9 115 - - 

 10 115 21 94 - - 

Tg-101 ZED 
(AB/PS) 1 94 14 80 - - 

 2 51 6 45 - - 

 3 76 13 63 - - 

 4 23 2 21 - - 

 5 59 6 53 - - 

 6 208 50 158 - - 

 7 76 1 75 - - 

 8 176 27 149 - - 

 9 7 3 4 - - 

 10 61 14 47 - - 

 11 83 51 32 - - 

 12 47 23 24 - - 
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Zebrafish line 
Fish 
number 

Total 
embryos 

Dead 
embryos 

Alive 
embryos 

RFP 
embryos 

GFP 
embryros 

Tg-368 ZED 
(AB/PS) 1 110 10 100 - - 

 2 56 2 54 - - 

 3 36 14 22 - - 

 4 87 36 51 - - 

 5 175 51 124 - - 

 6 14 10 4 - - 

 7 21 21 - - - 

 8 32 9 23 - - 

 9 87 15 72 - - 

 10 106 23 83 - - 

TOTAL 55 4510 1349 3161 8  

 

 


