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Abstract 

Haemoglobin, the oxygen carrying protein in erythrocytes, is composed of two alpha- and 

two beta-like globin subunits. Its composition changes during gestation to meet varying 

oxygen demands of the developing embryo. A developmental switch occurs at birth, where 

foetal -globin expression is replaced by adult β-globin. Mutations in the -globin promoter 

can impair the switch and thereby cause elevated levels of foetal haemoglobin in adulthood, 

known as hereditary persistence of foetal haemoglobin (HPFH). This condition alleviates 

symptoms of adult β-globin disorders such as β-thalassemia and sickle cell disease. 

Reactivation of -globin expression currently offers a promising therapeutic approach for 

these diseases. 

A group of HPFH mutations clustered approximately 200 basepairs upstream of the -globin 

gene (-200 site) are believed to disrupt binding of transcriptional repressors of -globin 

expression. We have previously demonstrated that ZBTB7A, a transcriptional repressor 

highly expressed in erythroid cells and required for normal erythroid development, is able to 

bind this site in vitro, and binding is abolished by mutations in the -200 site. The purpose of 

this study was to further analyse the binding of ZBTB7A in vivo, as well as determine how it 

is regulated in erythroid cells.  

Here we use ChIP-Seq to demonstrate that ZBTB7A binds the -globin -200 site in cultured 

cells. Previous results suggested that Zbtb7a is regulated by the master regulator of 

erythropoiesis, KLF1, however, whether this effect was direct or mediated through other 

KLF1 target genes was unknown. We use a Klf1-/- mouse model, and the KLF1 inducible cell 

line, K1ER, to show that Zbtb7a is directly activated by KLF1. We also find that ZBTB7A has 

a novel transcription start site in both humans and mice that is highly expressed in erythroid 

cells and is induced upon erythroid cell differentiation. 

These findings suggest ZBTB7A plays a role in haemoglobin switching. As ZBTB7A is an 

important factor in erythroid maturation and survival, completely abolishing its expression 

may be detrimental. However, it may be possible to target the erythroid-specific transcript to 

reduce ZBTB7A expression in erythroid cells alone, which may be sufficient to boost foetal 

haemoglobin as a potential therapeutic for β-haemoglobinopathies.  
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CHAPTER 1 –   GENERAL INTRODUCTION 

 Mammalian Gene Expression 1.1

The fact that the majority of an organism’s somatic cells, despite their vast morphological 

and functional differences, are genetically identical and arise from a single cell is a 

remarkable realization. The question of how this amazing diversity is achieved has been a 

key driver of molecular biology based research for many years. This has led to our current 

understanding of how differential expression of specific genes, both spatially and temporally, 

influences development and cellular differentiation. The proportion and absolute quantity of 

genes encoding transcription factors, proteins that regulate the expression of other genes, in 

an organism's genome underpin and reflect this complexity [1]. Gene regulation can be 

controlled at various stages between the initial transcription of a gene and the production of 

the final translated protein. The first point of regulation is at the transcriptional level, 

whereby the frequency of synthesis of a pre-mRNA molecule can be increased or decreased. 

At the post-transcriptional level, the pre-mRNA molecule can subsequently be processed 

through several different mechanisms, mainly via RNA splicing or selective degradation in 

response to specific sequences coded in the 3’ untranslated regions (UTRs) of transcripts [2]. 

Lastly, post-translational modifications, such as glycosylation, phosphorylation and 

acetylation, add further dimensions to gene expression and protein function and stability [3].  

However, despite these various mechanisms of control, the primary regulation of gene 

expression is achieved at the transcriptional level [4] where transcription factors and their 

co-regulators influence the frequency of transcriptional initiation of genes by binding to 

specific cis-acting DNA sequences known as regulatory elements. There are three different 

types of regulatory sequences involved in the control of gene expression, namely promoters, 

enhancers and silencers. 

 DNA regulatory elements 1.2

 Promoter Regions 1.2.1

The basal promoter of a gene is found approximately 100 base pairs (bp) upstream, and 

straddling the transcription start site (TSS). Many promoters contain sequences such as 

TATA-boxes, which are important for the assembly of general transcription factors (GTFs) 

and the binding of RNA polymerase. Interestingly, regulatory elements such as TATA-boxes 

do not appear necessary for the initiation of transcription [5], making the exact start points of 

transcription and basal promoter regions difficult to identify by sequence examination alone.  
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In addition to basal promoters, individual genes are also regulated by promoter-proximal 

elements, which are other cis-acting DNA sequences capable of influencing the frequency of 

transcriptional initiation. They are usually found between 100 and 200 bp upstream of the 

TSS and are not directly bound by the GTFs. These elements instead interact with sequence 

specific, regulatory transcription factors. Promoter-proximal elements are often involved in 

orchestrating the tissue-specific expression of a gene. For instance, GATA- and 

CACCC-sequences, are often co-located in control regions of haematopoietic genes [6]. The 

combination of the basal promoter region of a gene and any promoter-proximal elements is 

often loosely referred to as the “promoter” of the gene.  

Many genes may be regulated by more than one promoter; these additional promoters are 

termed alternative promoters. By having multiple promoters, genes can be regulated in a 

temporal-, tissue- or cell-specific manner [7]. An example of such is the human 

porphobilinogen deaminase (PBGD) gene, which contains a housekeeping, and a 

tissue-specific promoter [8]. The upstream housekeeping promoter is active in all tissues and 

therefore drives ubiquitous expression of this gene. The downstream promoter is 

erythroid-specific and induces expression of a different isoform of the PBGD protein, which 

is unique to erythroid cells. From this example, it can be seen that the use of alternative 

promoters is a vital part of differential gene expression in cells.  

 Enhancers and silencers 1.2.2

Enhancers and silencers are additional examples of elements to which regulatory 

transcription factors can bind, and can be both cis- and trans-acting. Enhancers are involved 

in the activation of transcription while silencers mediate repression. Like proximal promoters, 

they are often involved in controlling the specificity of gene expression, and different 

enhancers and silencers may be active in different cell types, or at various stages of 

development. Where they differ from proximal regulatory elements is that they are involved 

in long-range interactions, and are able to exert their effects on transcriptional frequency 

independently of their position and orientation [9]. They can be found kilobases (kb) up- or 

downstream of their target genes, or even within the gene’s introns, making them yet more 

difficult to identify. Enhancers and silencers are typically larger than the proximal promoters, 

and are capable of simultaneously binding numerous regulatory transcription factors. A 

well-studied example of these interactions occurs at the α-globin locus [10]. This locus is 

regulated in an erythroid-specific manner by four distal elements, lying 10 to 15 kb upstream 

of the locus. It has been shown that one of these elements is the most important, and removal 
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of this particular element (DNAse I Hypersensitive site (HS) -40) results in a loss of all the 

looping interactions, as well as α-globin expression [11]. 

 Gene Regulators 1.3

 Transcription Factors 1.3.1

Transcription factors and their co-regulators, which can be either proteins or RNA [12], 

are crucial in orchestrating the ordered temporal and spatial expression of genes in an 

organism. These molecules intricately interact with one another in regulatory complexes to 

control gene expression programs through the activation and/or repression of their target 

genes. Transcription factors are able to bind specific sequences of DNA in control regions, 

such as promoters, enhancers and silencers. These proteins recognise their specific binding 

sequences via one or more DNA-binding domains, which include classes such as zinc finger, 

leucine zipper and basic helix-loop-helix [13]. Zinc fingers are the most common class of 

DNA-binding domain in eukaryotes [14] The majority of Zinc finger proteins consists of a 

C-terminal C2H2 zinc finger domain that binds DNA, as well as modular N-terminal domain 

which confers functionality, for instance gene activation or silencing.  

1.3.1.1 The role of transcription factors in transcriptional 

regulation 

Once bound to specific regions of DNA in promoters, enhancers and/or silencers, 

transcription factors influence the expression of their target genes by interacting with other 

proteins, known as co-regulators. These are proteins that are able to modify the levels of 

transcription but are not able to directly bind DNA. Transcription factors will recruit their 

co-regulators through the use of activation and repression domains, which are less well 

characterised. Activation domains have been broadly shown to be acidic, and/or 

glutamine- or proline-rich [15], while repression domains have often been described as being 

basic, and/or alanine- or proline-rich [16].  

Transcriptional activators are able to increase the levels of gene expression in a number of 

ways. They may be involved in the recruitment and stabilisation of the basal transcription 

apparatus, which may occur directly, or indirectly by association with co-activators. They 

may also operate by tying distal enhancer elements to regions closer to the basal apparatus 

[17, 18]. In contrast, repressors interact with co-repressors, to reduce levels of gene 

expression. Another mechanism repressors may act by is physically obstructing interactions 

between activators and the basal transcriptional apparatus [19].  Genes can be both activated 
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and silenced by transcription factors interacting, either directly or indirectly, with histones, 

thereby altering the physical conformation of DNA to form euchromatin, loosely packaged 

DNA associated with active genes, and heterochromatin, tightly packaged DNA associated 

with silenced genes. 

DNA activation or inactivation is highly dependent on specific residues in the tail of 

specific histones being either acetylated, usually associated with active euchromatin, or 

methylated, which can be associated with both active and inactive genes, and the degree and 

specific residues on which this occurs [20, 21]. Histone acetyl transferases (HATs), a subset 

of co-activators, act by adding acetyl groups to lysines found in histone tails, thereby 

reducing the strength of their ionic interaction with DNA. This promotes chromatin 

remodelling, which in turn allows greater access for both general and regulatory transcription 

factors. Histone methylation is mediated by histone methyltransferases (HMTs), which 

catalyse the addition of one, two or three methyl groups on lysine (K) and arginine (R) 

residues. Histone demethylases, such as LSD1/KDM1 are involved in removing methyl 

groups. Various methylation marks at different residues serve as markers for the recruitment 

of various proteins or protein complexes which regulate chromatin activation or inactivation.  

The regulation of gene expression to ensure normal cellular development and 

differentiation is clearly complex. Past insights into this complexity have been gained by 

studying how gene regulatory proteins control specific biological processes. Following this 

approach, this thesis focuses on haematopoiesis, aiming in particular to provide a better 

understanding of the transcriptional regulation of red blood cell development. 

 Haematopoiesis 1.4

The various types of mature blood cells in the mammalian system are all derived from a 

multi-potent haematopoietic stem cell (HSC), which is able to differentiate down a number of 

different pathways. This process is collectively referred to as haematopoiesis [reviewed in 

22]. Haematopoiesis can broadly be subdivided into two processes: lymphopoiesis and 

myelopoiesis (Figure 1.1). While the first gives rise only to lymphocytes, the latter generates 

all the other cells of the blood, including red blood cells, also known as erythrocytes.  

Differentiation along each of the haematopoietic lineages is defined by distinct sets of 

transcription factors, which are referred to as master regulators. Extracellular signals, for 

instance cytokines such as erythropoietin (Epo) can drive differentiation down a particular 

lineage, in this case erythropoiesis, by modifying transcription factor programs [23].   

Mammalian haematopoiesis is summarised in Figure 1.1. 
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Figure 1.1. Haematopoiesis gives rise to a number of distinct cell lineages. A 
haematopoietic stem cell differentiates to yield myeloid and lymphoid progenitors. 
These progenitors in turn undergo distinct differentiation pathways to generate the 
various blood cells depicted. Megakaryocyte Colony forming unit (CFU-MK), 
erythroid Colony forming unit (CFU-E), erythroid burst forming unit (CFU-B). 
[Adapted from 24]. 

 

 Lymphopoiesis 1.4.1

During lymphopoiesis, a common lymphoid progenitor differentiates into B and T 

lymphocytes, as well as natural killer (NK) cells. B cells, which develop in the bone marrow, 

play a role in the antibody-dependent humoral immune response, forming a crucial part of the 

adaptive immune system. T cells, on the other hand, mature in the thymus and are principally 

involved in cell mediated immunity.  
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 Myelopoiesis 1.4.2

During myelopoiesis, a common myeloid progenitor can differentiate into a 

granulocyte-macrophage progenitor or a megakaryocytic-erythroid progenitor. 

Granulocyte-macrophage progenitors give rise to monocytes and granulocytes, which are 

further specialised into mast cells, neutrophils, eosinophils, monocytes, and basophils [25]. 

These myeloid cells are phagocytic and form an important part of the innate immune system 

[26].  

The other branch of myelopoiesis can be further subdivided into erythropoiesis and 

megakaryopoiesis. Megakaryopoiesis yields large, polyploid cells known as megakaryocytes, 

which are responsible for producing platelets, required for blood clotting. Erythropoiesis 

gives rise to the erythrocytes; small enucleated cells that transport oxygen. These cells are 

both derived from the megakaryocytic-erythroid progenitors (MEPs) [27].  

The main focus of this thesis will be the branch of erythropoiesis. 

 Erythropoiesis 1.4.3

Erythrocytes are the oxygen carrying cells of the body. Erythrocytes begin their 

maturation process as common megakaryocytic-erythroid progenitors (MEPs), where 

GATA-1, a master erythroid and megakaryocyte transcription factor, expression is high [28].  

GATA-1 also regulates the expression of Epo and Epo receptor [29], which commit cells to 

the erythroid lineage. At this point they form small colonies known as erythroid colony 

forming units (CFU-E) and mature into erythroid burst forming units (BFU-E). The next 

stage of maturation is the proerythroblast followed by a number of different stages of 

erythroblasts with various chromatic states. It then begins to condense and extrude its nucleus 

at which point it is known as reticulocyte. Reticulocytes still contain RNA and nuclear 

fragments. Once these are all extruded from the cell it is a mature erythrocyte, with its 

well-known concave disc shape. 

Mammalian erythropoiesis commences during early embryogenesis in two distinct waves.  

The first wave, known as primitive erythropoiesis, involves the transient generation of 

primitive erythroblast progenitors in blood islands located in the yolk sac, as early as 

embryonic day 7.5 (E7.5) in the mouse [30-32], and around day 17 of development in the 

human [33]. Coinciding with the onset of cardiac contractions, these large, nucleated 

erythroid cells enter the circulation at around E8.5 in the mouse and Day 21 in the human, 
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and continue to mature [33-36].  Some of these primitive cells reside temporarily within the 

foetal liver, where they enucleate before re-entering the circulation [37].   

The second wave is known as definitive erythropoiesis; it begins in the foetal liver at 

around E9.5 in the mouse, and is seeded by progenitors from the embryonic yolk sac and 

aorta-gonad-mesonephros region [38-41]. In the human, hepatic colonisation by HSCs 

happens first at day 23, arterial cluster formation occurs at day 30, followed by a second 

round of hepatic colonisation [33]. Definitive erythrocytes then mature and enucleate in the 

foetal liver before being released into the bloodstream [42-45].  The liver remains the main 

site of erythropoiesis during murine foetal development until around E16, and in human 

foetal development till around 10.5 weeks [46], after which time blood cell development 

begins to move to the bone marrow. In both humans and mice, the bone marrow remains the 

major site of erythropoiesis throughout adult life [47], although in the mouse, some 

erythropoiesis also occurs in the adult spleen, particularly in response to anaemic stress  [48].  

 Haemoglobin protein 1.5

Haemoglobin, the protein found in erythrocytes which binds to oxygen, consists of three 

major types: embryonic haemoglobin, foetal haemoglobin and adult haemoglobin [49]. Each 

of these proteins have different oxygen affinities in order to most effectively facilitate oxygen 

transfer. For example, foetal haemoglobin (HbF), which is the predominant form of 

haemoglobin in the foetus from around 10 weeks of gestation until birth, has a higher affinity 

for oxygen than adult haemoglobin (HbA). This property enables HbF to effectively take 

oxygen from the blood of the mother [49]. At around the time of birth, the adult globin genes 

are up-regulated and HbA is formed.  

 The Globin Loci 1.6

Erythrocytes contain haemoglobin, the oxygen and carbon dioxide transporting component 

of blood. This tetrameric metalloprotein is comprised of two α- and two β-like globin 

subunits, which are encoded by two gene loci in mammals: the α-globin and the β-globin 

locus. Each of these loci contains several genes, described below. 

 The alpha locus 1.6.1

The human -globin locus is located on chromosome 16, and mouse on chromosome 11. 

This locus consists of three active genes: the embryonic -globin, and the adult 1- and 

2- globins. 
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 The beta locus 1.6.2

The -globin locus in the mouse, on chromosome 7, contains four expressed genes: two 

embryonic globins, y and h1, and two adult globins, major and minor. The human 

β-globin gene cluster, located on chromosome 11, consists of five transcribed genes: the 

embryonic globin (ε-globin), two foetal (Gγ- and Aγ-globin) and two adult globin genes 

(β- and δ-globin) (Figure 1.2). The Gγ- and Aγ-globin genes are a result of a gene duplication 

and only differ by a single glycine to alanine amino acid substitution at residue 136, and for 

simplicity, are collectively referred to as the “-globin” gene [50].  

A summary of the - and -like globin genes discussed in this thesis, as well as their 

corresponding Human Genome Organisation (HUGO) or Mouse Genome Informatics (MGI) 

nomenclature, are provided in Table 1.1.  



 

9 
 

Table 1.1. Gene symbols for the mouse and human - and β-like globins. The 
corresponding Mouse Genome Informatics (MGI) and Human Genome Organisation 
(HUGO) nomenclature is also provided. 

Species Locus 
Conventional 
gene symbol 

MGI or 
HUGO 

nomenclature 

Mouse 

α-locus ζ Hba-x 

α1 Hba-a1 

α2 Hba-a2 
β-locus εy Hbb-y 

βh1 Hbb-bh1 

β-major Hbb-b1 

β-minor Hbb-b2 

Human 

α-locus ζ HBZ 

α1 HBA1 

α2 HBA2 

β-locus ε HBE 

Aγ HBG1 

Gγ HBG2 

δ HBD 

β HBB 
 

 The Beta-Locus Control Region 1.6.3

An important regulatory element lies 6-22 kb upstream of the -globin genes, known as 

the locus control region, or LCR. This region is involved in the regulation of the timed 

expression of -globin genes during embryonic development through facilitating physical 

chromatin looping interactions [51]. The LCR contains five DNase I hypersensitive sites 

(HS), with HS1-4 exhibiting strong enhancer functions [51]. 

 Globin Switching 1.7

The composition of haemoglobin changes during embryonic development, which 

coincides with the shift in the location of erythropoiesis, in order to meet the varying oxygen 

demands of the developing embryo [52]. This sequential activation and silencing of the 

various globin genes during these different stages is known as haemoglobin switching. 

The switch at the alpha globin locus is similar in mouse and human. First, embryonic 

-globin is exclusively expressed in primitive erythroblasts produced in the blood islands of 

the embryonic yolk sac. Then adult 1 and 2 globins are expressed when primitive 
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erythropoiesis gives way to definitive erythropoiesis in the foetal liver and bone marrow. 

Adult -globin expression is then maintained into adulthood [49, 53].  

The switch at the beta globin locus is slightly different, and will be the focus of this thesis. 

In humans, there are two switches that occur. During primitive erythropoiesis, where 

erythrocytes are produced in the blood islands of the yolk sac, embryonic -globin is 

expressed. However, at around week 10 of gestation, -globin expression is down-regulated 

and the foetal -globin expression is increased in erythrocytes produced in the foetal liver 

[51]. At around the time of birth to about 12 months postnatal, erythropoiesis shifts again 

from the foetal liver and is completely taken over by the bone marrow,  with a corresponding 

silencing of the -globin genes and activation of the adult β-, and to a lesser extent, δ-globin 

genes [51].  

In contrast to humans, in mouse development, there is only one switch at the β-locus. 

During primitive erythropoiesis in the yolk sac of the embryo, the embryonic β-like globins 

y and h1 are expressed. When erythropoiesis shifts from the yolk sac to the foetal liver, and 

later to the bone marrow of the adult mouse, the embryonic globins are superseded by adult 

-major and -minor expression [51]. The generation of mouse models expressing human 

globins have proven highly useful in furthering our understanding of the regulation processes 

involved in globin switching [50]. Figure 1.2 shows a diagram summarising the β-globin 

locus and globin switching, along with the locations of expression during development, and 

the corresponding predominant haemoglobin proteins that are present. 
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Figure 1.2. β-globin switching during development of human and mouse, including 
the organisation of the β-globin locus. This figure depicts the developmental 
switching of the β-like globin gene expression in human (top) and mouse (bottom) and 
the time at which this occurs days post coitum (DPC). The organisation of the genes at 
the β-globin locus appear on the chromosome in the same order that they are expressed 
during development.  



 

12 
 

The second switch of expression from foetal γ-globin to adult -globin is of particular 

importance in the context of developing therapeutic strategies to treat 

-haemoglobinopathies, a class of red blood cell diseases that are discussed in the following 

section. 

 Haemoglobinopathies 1.8

Haemoglobinopathies, diseases caused by the disruption of the adult globin genes, are 

some of the most common genetic diseases in the population, and include diseases such as 

thalassaemias and certain types of anaemia. Thalassaemia is caused by a reduction or 

complete abolition in the expression of one or more globin genes, resulting in an imbalance 

of α- or β-globin chains in erythrocytes [54, 55]. Sickle cell disease (SCD) is caused by a 

specific mutation in position 6 of the adult β-globin gene, which results in a single amino acid 

substitution of a glutamic acid to valine. This mutation results in polymerisation of β-globin 

chains, known as sickle haemoglobin (HbS), in circulating erythrocytes [56, 57]. This then 

results in a rigid and sickled cell phenotype [58, 59], which can trigger a number of acute 

conditions such as vaso-occlusion, splenic sequestration, and haemolytic anaemia [60]. 

Currently, the available treatments are costly, and often accompanied by unwanted side 

effects and risks. 

The reactivation of the foetal γ-globin expression in adult patients poses an attractive 

therapeutic option. Residual production of foetal γ-globin persists naturally throughout life, 

allowing γ-globin chains to combine with adult α-globin chains to form HbF in the adult. 

Levels vary between individuals but in adults HbF is typically found to be around 1% of total 

haemoglobin [61, 62].  As only the adult β-globin gene is mutated in β-haemoglobinopathies, 

affected infants are protected from severe symptoms until around a year after birth, as the 

levels of HbF in circulation are still high [63]. Similarly, patients with β-thalassaemia who 

exhibit higher levels of HbF have a reduced disease phenotype [64]. Accordingly, drug 

treatments for these diseases, such as 5-azacitidine, hydroxyurea, and butyrate, all act by 

non-specifically reactivating foetal γ-globin gene expression by various mechanisms. The 

effects of these drug treatments are transient and thus require ongoing administration 

throughout the life of the patient. There is also a growing body of evidence that long-term 

administration of these drugs can have chronic side effects, which are consistent with their 

lack of specificity [59, 65]. Lastly, and perhaps most importantly from a potential therapeutic 

point of view, patients who have inherited alleles associated with increased levels of HbF, 

known as hereditary persistence of foetal haemoglobin (HPFH), are protected from these 

diseases throughout adulthood [66]. Together, these observations indicate that reactivation of 
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foetal γ-globin is able to compensate, at least in part, for the loss of adult β-globin function 

thereby ameliorating the symptoms of certain adult haemoglobinopathies.  

 Hereditary Persistence of Foetal Haemoglobin  1.9

HPFH is a benign condition classified by elevated HbF to levels greater than 1% of total 

haemoglobin during adult life [49, 66]. This condition has been shown to be associated with 

various point mutations found in the promoter region of the foetal γ-globin gene. In 

particular, a cluster of mutations located approximately 200 bp upstream of the TSS, known 

as the -200 region, has been reported in a number of different families with HPFH [49, 

67-72]. Seven single-nucleotide HPFH mutations in this region, shown in Figure 1.3, are 

associated with various levels of elevated HbF, outlined in Table 1.2. The fact that these 

mutations show such dense clustering has led to the hypothesis that they may disrupt the 

binding of a transcriptional repressor, which under normal circumstances would be involved 

in silencing the foetal γ-globin gene. Understanding the mechanisms underlying these 

mutations, and how exactly they lead to elevated levels of HbF, is important for therapeutic 

reasons. If these naturally occurring mutations could be introduced into patients with various 

β-globinopathies, disease symptoms could theoretically be ameliorated. As such, determining 

the transcription factors involved is of considerable interest. 

 

Figure 1.3. HPFH mutations at the -200 region of the foetal γ-globin promoter. The 
diagram displays the DNA sequence between -210 and -190 bp upstream of the 
transcription start site (+1). HPFH mutations are denoted by arrows. These HPFH 
mutations are thought to disrupt the binding of a transcriptional repressor(s) which 
silences the γ-globin gene during the foetal to adult haemoglobin switch. 
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Table 1.2. The HPFH mutations in the γ-globin gene promoter are associated with 
different levels of HbF persistence in individuals. HbF levels typically represent 
<1% of total haemoglobin in normal individuals. N/A indicates that data are 
unavailable for the genotype listed. 

Gene 
Position relative 

to TSS 
Mutation 

% HbF in 
homozygote 

% HbF in 
heterozygote 

Reference

Aγ -202 C → T 25 2.5 [71] 

Gγ -202 C → G N/A 20-23.5 [67] 

Aγ -201 C → T N/A 10.2 [72] 

Aγ -197 C → T N/A 6 [49] 

Aγ -196 C → T N/A 38-40 [69, 70] 

Gγ -196 C → T N/A 8.6 [72] 

Aγ -195 C → G N/A 7 [68] 
 

 Transcription factors in globin switching 1.10

 Klf Family 1.10.1

The Klfs are a family of transcription factors which consist of 18 members identified to 

date (Klf1-Klf18) [73-75], which are divided into groups based on functional similarities. 

These transcription factors are characterised by three highly conserved C-terminal C2H2 zinc 

finger motifs that function as the DNA-binding domain [76]. This domain recognises and 

binds to CACCC-boxes and other GC rich elements typically found at promoter and enhancer 

regions [77-79]. Members of this family have been shown to function as transcriptional 

activators and/or repressors [80]. 

Several Klfs have been shown to play important roles in haematopoietic cells. The most 

extensively studied Klf is arguably KLF1.  

1.10.1.1 KLF1 

Krüppel-like factor 1 (KLF1), the founding member of the family was first identified in 

1993 [79]. The expression of Klf1 is largely restricted to erythroid cells, although it has also 

been detected in other haematopoietic cells, such as macrophages and mast cells [79, 81]. 

KLF1 is a potent transcriptional activator, which binds to CACCC-box motifs and GC rich 

sequences [82] that are prevalent in the regulatory regions of many erythroid genes [79, 

82-85]. The most notable CACCC-box lies within the adult β-globin promoter and KLF1 is 

crucial for the expression of this gene [82, 86]. KLF1 has been shown by chromatin 

immunoprecipitation (ChIP) to directly bind to the β-globin promoter in vivo [87, 88] and 

Klf1 null mice die at around E15 of severe β-globin deficiency and anaemia [89, 90]. Many 
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other erythroid genes are also deregulated in the absence of Klf1 [84, 87, 91, 92] including 

another member of the Klf family, the transcriptional repressor, Krüppel-like factor 3 (Klf3) 

[93]. Expression of Klf3 has since been demonstrated to be directly activated by KLF1 [93, 

94].  

1.10.1.2 KLF2 

KLF2 has been shown to play an important role in early erythropoiesis in the embryo [95]. 

KLF2 is closely related to KLF1, having approximately 88% amino acid sequence 

conservation in the zinc finger DNA-binding domain [96]. Klf2 null mice die between E11 

and E13 from anaemia and intra-embryonic haemorrhaging [97, 98]. KLF2 also plays a part 

in globin regulation, and Klf2 null mice show decreased expression of the mouse embryonic 

globins εy and βh1 in the yolk sacs of E12 embryos [95]. In addition, KLF2 has been shown 

to positively regulate human ε-globin in transgenic mice [95]. Klf1 and Klf2 double knockout 

mice show a further reduction in εy and βh1 globin expression with more severe yolk sac and 

erythroid morphological abnormalities [99]. Hence, it is proposed that the two KLFs share 

functional redundancies in the regulation of embryonic globins and primitive erythropoiesis 

[100, 101]. 

1.10.1.3 KLF3 

KLF3 is a potent transcriptional repressor that was first cloned from erythroid tissue in a 

screen designed to identify factors related to KLF1 [93]. KLF3 represses transcription by 

recruiting the co-repressor C-terminal Binding Protein (CtBP) [102, 103]. Klf3 is widely 

expressed, but is particularly abundant in erythroid tissues [93]. It has a similar DNA-binding 

preference to KLF1, and the two factors have been shown to bind in vitro to many of the 

same erythroid promoter CACCC-boxes [93], including that of the β-globin gene. Moreover, 

as mentioned previously, Klf3 expression is selectively reduced in Klf1 null foetal liver [93] 

and KLF1 directly drives the expression of an erythroid-specific transcript of Klf3 in primary 

erythroid tissue, namely Klf3 1b [94]. This transcript gives rise to the same protein as the 

ubiquitously expressed Klf3 transcript. KLF1, KLF3 and another related family member, 

KLF8, have been shown to be involved in a regulatory loop that fine-tunes the expression of 

erythroid genes, including globins. That is, KLF1 is capable of activating a multitude of 

erythroid and non-erythroid genes, including KLF3 and KLF8, and KLF3 is capable of 

repressing a subset of non-erythroid genes to maintain the correct expression program in 

these cells [104]. 
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 BCL11A 1.10.2

B cell lymphoma 11A (BCL11A) is a multi-zinc finger transcriptional repressor with a 

well-established role in silencing the foetal γ-globin gene [105]. It was first identified in a 

genome-wide association study (GWAS) as a modulator of HbF expression [106-108]. It has 

subsequently been shown that a truncated variant of BCL11A is expressed in foetal and 

embryonic cells that robustly express γ-globin. BCL11A transcript levels are affected by 

genetic variation in an erythroid enhancer, resulting in increased HbF levels [109]. 

Furthermore, transgenic mice engineered with the human β-globin locus fail to completely 

silence the γ-globin genes in the absence of BCL11A [110]. Additionally, in a proof of 

principle study, inactivation of BCL11A in a SCD mouse model elevates HbF levels and 

corrects the haematologic and pathologic defects of SCD [111].  

Importantly, KLF1 has been shown to drive the expression of BCL11A [112]. Mutations 

in the KLF1 gene have also been found to be associated with HPFH, and it has been 

hypothesised that this is due to the down-regulation of BCL11A [113, 114], and studies in 

mice deficient in both Klf1 and Bcl11a have supported this theory [115]. It has been reported 

in a recent study that co-expression of KLF1 and BCL11A in induced pluripotent stem cells 

and erythroid cells derived from cord blood, which usually express low levels of both of these 

genes and high levels of γ-globin, are able to strongly induce the expression of the adult 

β-globin gene [116]. 

 SOX6 1.10.3

SOX6 is a member of the Sry-related HMG box transcription factor family. This 

transcription factor enhances erythroid differentiation in human erythroid progenitors [117]. 

It has also been shown to play an essential role in the silencing of εy-globin (the murine 

embryonic γ-like globin gene) during definitive erythropoiesis [118]. SOX6 binds directly to 

the εy-promoter and acts as a repressor of εy-globin expression [119]. A modest induction of 

γ-globin has also been shown in human erythroid cell knock down. This effect is greatly 

increased when combined with BCL11A knock down [120].  

Interestingly, it has been demonstrated that a long range physical interaction exists 

between BCL11A and SOX6, which results in transcriptional silencing of the γ-globin genes 

[120]. Chromatin immunoprecipitation-chip (ChIP-chip) data revealed that SOX6 strongly 

binds the proximal promoters of the Aγ- and Gγ-globin genes in primary human erythroid 

progenitor cells, whereas BCL11A is not detected [120]. It has thus been postulated that 

SOX6 might recruit BCL11A to the γ-globin promoter to achieve silencing [120].   
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 GATA-1 1.10.4

GATA-1 is another zinc finger transcription factor, which recognises GATA-motifs 

present in the regulatory regions of many erythroid genes [121-123]. It is one of the master 

regulators of both erythropoiesis and megakaryopoiesis. Erythroid maturation is affected in 

GATA-1 mutant mice and Gata-1-/- embryos die due to severe anaemia at around E10.5 

[123-126]. It has also been shown that GATA-1 can bind to 3’ enhancer elements and HS 

regions in the βLCR, as well as the α-globin and β-globin promoters in humans [127-129]. 

GATA-1 has been found to work in conjunction with other regulatory factors, such as NF-E2, 

Ikaros, Friend of GATA-1 (FOG-1) and the NuRD-complex in a stage specific manner to 

silence human γ-globin [130-132].  

GATA-1, binds a region upstream of the γ-promoters in a FOG-1 dependent manner. This 

region is suggested to be necessary for γ-globin silencing in transgenic mice [133]. Ikaros 

recruits HDAC1 and Mi-2 (NuRD) to the γ-globin promoter and has been shown to enhance 

GATA-1 binding to various regulatory regions in the β-globin locus [134]. A recent study 

using transgenic mice containing the human β-globin locus has described a temporal 

mechanism of γ-globin silencing involving GATA-1, FOG-1 and Mi-2/NuRD complex. Here 

they show that GATA-1 is first recruited at E16 of development, followed then by FOG-1 

and Mi-2 at E17 [135]. 

 ZBTB7A  1.10.5

Another transcription factor which has been shown to play a role in erythropoiesis is the 

transcriptional repressor ZBTB7A (also known as LRF/POKEMON/FBI-1), a member of the 

BTB-ZF family. The C-terminus of this protein consists of four zinc fingers, and a BTB 

(Broad complex, Tramtrack, Bric a`brac and Zinc Finger) domain is located at the 

N-terminus is involved in protein-protein interactions [136]. ZBTB7A has a crucial 

anti-apoptotic role during terminal erythroid differentiation [137].The Zbtb7a knockout 

mouse is embryonic lethal at E15.5 due to severe anaemia, caused by an increase in apoptosis 

in late stage-erythroblasts [137]. For this reason, a conditional knockout of Zbtb7a in adult 

mouse long-term hematopoietic stem cells has been developed [138]. Microarray analysis of 

these cells revealed significant up-regulation of the murine foetal/embryonic stage 

haemoglobin gene h1, by approximately 60-fold [138]. Interestingly, ZBTB7A has a 

DNA-binding consensus sequence, 5-G(A/G)GGG(T/C)(C/T)(T/C)(C/T)-3 [139] that closely 

resembles the -200 region of the γ-globin promoter. This, coupled with the fact that it is 

important in erythroid development, therefore establishes ZBTB7A as a promising candidate 
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transcriptional repressor that may operate through this region.  In support of this, preliminary 

data from our laboratory has confirmed that ZBTB7A binds to the -200 region of the -globin 

promoter in vitro, and that this binding is disrupted by HPFH mutations in this region [140]. 

 Aims and Hypothesis 1.11

The aims of this thesis were three fold. Firstly, we aimed to further explore the roles of 

ZBTB7A in erythropoiesis and foetal γ-globin regulation. This was done by analysing a 

combination of murine tissues, cell lines, and primary human haematopoietic stem cells 

(HSCs) from both foetal and adult sources, as well as analysis of a ZBTB7A ChIP-Seq. 

Given that we have hypothesised that ZBTB7A is involved in regulating the switch from 

foetal to adult globin, understanding how this gene is regulated is important. This led to our 

next set of aims.  

Secondly, we aimed to investigate the regulation of ZBTB7A in an erythroid-specific 

context. Thirdly, we investigated whether ZBTB7A, like many other known erythroid genes 

such as Klf3, had an erythroid-specific transcript variant. We hypothesised that, like Bcl11a, 

KLF1 drives Zbtb7a in erythrocytes, and up-regulates the expression of an erythroid-specific 

transcript in these cells. 

This hypothesis is particularly attractive in the light of previous work on KLF1 and 

BCL11A. KLF1 is known to drive BCL11A in erythroid cells. Patients with mutations in 

KLF1 accordingly display reduced levels of BCL11A, and since BCL11A represses foetal 

globin, the levels of HbF are elevated. Interestingly, foetal globin remains repressed to some 

degree in studies in Bcl11a transgenic mice [110, 115]. This implies that KLF1 is required to 

drive another distinct repressor of foetal globin expression. We believe ZBTB7A is that 

repressor. 
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CHAPTER 2 –   MATERIALS AND METHODS 

 Materials 2.1

 Chemicals and reagents 2.1.1

Found below is a list of important chemicals and reagents used in the experimental work 

presented in this thesis, along with details of their suppliers or manufacturers. All chemicals 

and reagents used were of “molecular biology grade” unless specified otherwise.  

 acetic acid (Asia Pacific Specialty Chemicals, Seven Hills, NSW, Australia) 

 acrylamide (electrophoresis grade) (Sigma Chemical Company) 

 adenosine triphosphate (ATP) (Sigma Chemical Company) 

 adenosine 5-[γ-32P] triphosphate ([γ-32P] ATP) (PerkinElmer Life Sciences, Boston, 

MA, USA)  

 agarose (DNA grade) (Progen Industries, Toowong, QLD, Australia) 

 agar (Amyl Media, Dandenong, VIC, Australia) 

 albumin, bovine serum, fraction powder V (BSA) (Sigma Chemical Company) 

 ampicillin sodium salt (Progen Industries) 

 aprotinin (Sigma Chemical Company) 

 β-mercaptoethanol (Sigma Chemical Company) 

 calcium chloride (Sigma Chemical Company) 

 casein peptone (Amyl Media) 

 chloroform (Biolab Scientific, Clayton, VIC, Australia) 

 deoxynucleotide triphosphates (dNTPs) (Sigma Chemical Company) 

 diethylpyrocarbonate (DEPC) (Sigma Chemical Company) 

 dimethylsulfoxide (DMSO) (Sigma Chemical Company) 

 dipotassium hydrogen orthophosphate (Ajax Laboratory Chemicals, Auburn, NSW, 

Australia) 

 dithiothreitol (DTT) (Sigma Chemical Company) 

 DirectPCR (Tail) (Viagen Biotech Incorporation, Los Angeles, CA, USA) 

 Dulbecco’s modified Eagle medium (DMEM) (high and low glucose) (Gibco-BRL 

Life Technologies, Grand Island, NY, USA) 

 Dynabeads Protein G (Life Technologies, CA, USA)  

 ethanol (Ajax Finechem, Taren Point, NSW, Australia ) 

 ethidium bromide (Roche Molecular Biochemicals, Castle Hill, NSW, Australia) 
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 ethylenediaminetetraacetic acid (EDTA) (Ajax Laboratory Chemicals) 

 ethylene glycol-bis[2-aminoethylether]-N,N,N,N-tetraacetic acid (EGTA) (Sigma 

Chemical Company) 

 foetal calf serum (FCS) (Commonwealth Serum Laboratories, Parkville, VIC, 

Australia) 

 formaldehyde (Sigma Chemical Company) 

 formalin (Lomb Scientific, Taren Point, NSW, Australia) 

 FuGENE® 6 transfection reagent (Roche Molecular Biochemicals) 

 GeneRuler™ DNA ladder mix (Progen Industries) 

 glutaraldehyde solution, 25% (Sigma Chemical Company) 

 glutathione, reduced (GSH) (Roche Molecular Biochemicals) 

 glycerol (Asia Pacific Specialty Chemicals) 

 glycine (Ajax Laboratory Chemicals) 

 heparin sodium salt (Sigma Chemical Company) 

 N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid] (HEPES) (Roche Molecular 

Biochemicals) 

 holo-human transferrin (Sigma Chemical Company) 

 human inactivated plasma (Sigma Chemical Company) 

 hydrocortisone (Sigma Chemical Company) 

 isopropanol (Biolab Scientific) 

 isoflurane – I.S.O. Veterinary Companies of Australia Pty Ltd, Kings Park, NSW, 

Australia 

 Iscove’s MDM (StemCell Technologies, Tullamarine, VIC, Australia) 

 Jetstar Midi and Maxi Purification Systems (Genomed, Research Triangle Park, NC, 

USA) 

 leupeptin (Sigma Chemical Company) 

 lithium acetate dihydrate (Sigma Chemical Company) 

 lithium chloride (Sigma Chemical Company) 

 magnesium chloride (Sigma Chemical Company) 

 methanol – Ajax Laboratory Chemicals 

 3-[N-Morpholino]propanesulfonic acid (MOPS) (Sigma Chemical Company) 

 N-lauroylsarcosine (Sigma Chemical Company) 

 NP-40 (Igepal CA-630) (Sigma Chemical Company) 

 nucleoside triphosphates (NTPs) (Roche Molecular Biochemicals) 
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 t-octylphenoxypolyethoxyethanol (Triton X-100) (Sigma Chemical Company) 

 penicillin, streptomycin and glutamine solution (Gibco-BRL Life Technologies) 

 phenol:chloroform:isoamyl alcohol (25:24:1) (Progen Industries) 

 phenylmethylsulfonyl fluoride (PMSF) (Sigma Chemical Company) 

 phosphate-buffered saline (PBS) tablets (Sigma Chemical Company) 

 poly(dI-dC) (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK) 

 polyoxyethylenesorbitanmonolaurate (Tween™-20) (Sigma Chemical Company) 

 potassium chloride (Sigma Chemical Company) 

 potassium hydroxide (Sigma Chemical Company) 

 Rainbow™ protein size standards (Amersham Pharmacia Biotech) 

 skim milk powder (No Frills, Chullora, NSW, Australia) 

 sodium acetate (Ajax Laboratory Chemicals) 

 sodium azide (Asia Pacific Specialty Chemicals) 

 sodium chloride (Ajax Laboratory Chemicals) 

 sodium citrate (Asia Pacific Specialty Chemicals) 

 sodium dihydrogen orthophosphate (Ajax Laboratory Chemicals) 

 Sodium-deoxycholate (Sigma Chemical Company) 

 sodium dodecyl sulfate (lauryl sulfate sodium salt) (SDS) (Sigma Chemical 

Company) 

 sodium hydrogen carbonate (Asia Pacific Specialty Chemicals) 

 sodium hydroxide (Ajax Laboratory Chemicals) 

 recombinant human insulin (Sigma Chemical Company) 

 RNase-Free DNase Set (Qiagen, Clifton Hill, VIC, Australia) 

 RNeasy mini Plus kit (Qiagen) 

 sodium acetate (Ajax Laboratory Chemicals) 

 SYBR green PCR master mix (Applied Biosystems, Foster City, CA, USA) 

 4-hydroxytamoxifen (tamoxifen) (minimum 98% Z-isomer, remainder primarily 

E-isomer) (Sigma Chemical Company) 

 tris-hydroxymethyl-methylamine (Tris) (Ajax Laboratory Chemicals) 

 TRI-REAGENT™ (Sigma Chemical Company) 

 QBSF60 (Quality Biologicals, Gaithersburg, MD, USA) 
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 Recombinant Human Cytokines 2.1.2

 recombinant human erythropoietin (Epo) (Peprotech, Rocky Hill, NJ, USA) 

 recombinant human Flt-3 (Peprotech)  

 recombinant human Il-6 (Peprotech) 

 recombinant human Il-3 (Peprotech) 

 recombinant human stem cell factor (SCF) (Peprotech) 

 recombinant human thrombopoietin (Tpo) (Peprotech) 

 Enzymes 2.1.3

 alkaline phosphatase (from calf intestine) (Roche Molecular Biochemicals) 

 -protein phosphatase (New England Biolabs, Ipswich, MA, USA) 

 Pfu and PfuUltra™ Hotstart DNA polymerase (Stratagene, La Jolla, CA, USA) 

 proteinase K (Astral Scientific, Gymea, NSW, Australia) 

 ribonuclease A (RNase A) (Roche Molecular Biochemicals) 

 T4 DNA ligase (Roche Molecular Biochemicals) 

 T4 polynucleotide kinase (New England Biolabs) 

 Taq and REDTaq® DNA polymerase (Roche Molecular Biochemicals)  

 Mango Taq (Bioline, Alexandria, NSW, Australia) 

 type II restriction endonucleases (New England Biolabs or Roche Molecular 

Biochemicals) 

 Antibodies 2.1.4

Antibodies used for Western blots and chromatin immunoprecipitation are listed below. 

Rabbit anti-Eklf polyclonal antibody (αEklf) (raised against amino acids 1-114) has been 

described previously [93].  

2.1.4.1 Primary Antibodies 

 Anti-β-actin (αβ-actin) (Sigma Chemical Company) 

 Anti-ZBTB7a/LRF (αZBTB7a/LRF) (Cat# sc-33683x, Santa Cruz at Thermo Fisher 

Scientific) 

 Anti-KLF1 (αKLF1) (Cat# PIEPA5-18031, Thermo Fisher Scientific) 

 Anti-rabbit IgG (Cat# sc-2027, Santa Cruz) 

 Anti-goat IgG (Cat# sc-2028, Santa Cruz) 
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2.1.4.2 Secondary Antibodies 

 Rabbit and Goat IgG (Cat # sc-2027 or sc-2028, Santa Cruz) 

 ECL™ Anti – Mouse IgG – NA931V (GE Life Sciences, UK) 

 ECL™ Anti – Rat IgG – NA 9350 (GE Life Sciences) 

 Horseradish peroxidase-linked anti-Armenian hamster (Santa Cruz) 

 Oligonucleotides 2.1.5

Single stranded oligonucleotides were synthesised by Sigma Chemical Company. A list of 

the names and sequences of all oligonucleotides is found in Appendix I.  

 Commercial services and kits 2.1.6

All DNA sequencing reactions were conducted by The Australian Genome Research 

Facility Ltd, Sydney, NSW. Techniques that involved the use of a commercial kit were 

carried out as advised in the manufacturers’ protocols. A list of commercial kits used is 

displayed below. 

 5’ Rapid Amplification of cDNA Ends (RACE) (Clontech Laboratories Inc. Mountain 

View, CA, USA) 

 cDNA synthesis was performed with the SuperScript III First-Strand Synthesis 

System for reverse transcription (RT)-PCR (Invitrogen, Groningen, The Netherlands) 

 DNA-free™ (Ambion, Austin, TX, USA) for DNase-treatment of RNA 

 Magnetic Cell Sorting mouse anti-TER119 Microbeads  (Miltenyi Biotech, Auburn, 

CA, USA) 

 PureLink HiPure Plasmid MaxiPrep Kit (Invitrogen) 

 RNeasy mini kit (Qiagen, Clifton Hill, VIC, Australia) for purification of RNA 

samples 

 Western Lightning™ Chemiluminescence Reagent Plus kit (PerkinElmer Life 

Sciences) for Western blot visualization 

 Wizard SV Gel and PCR Clean-up System (Promega) 

 Thermo Hybaid PCR Express (Integrated Sciences, Chatswood, NSW, Australia) and 

Mastercycler® (Eppendorf AG, Barkhausenweg, Hamburg, Germany) thermal cyclers 

were used for all PCRs  

 TissueLyser II Adapter Set (Qiagen) for homogenisation and lysis of adipose tissue  
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 Bacterial strains and culture medium 2.1.7

The bacterial strain used for all subcloning was Escherichia coli DH5α (supE44, ΔlacU169 

[80lac ZΔM15], hsdR17, recA1, endA1, gyrA96, thi-1, relA1) (Biolone, Alexandria, NSW, 

Australia).  

E. coli were cultured in Luria-Bertani (LB) broth or on LB-agar plates: 

LB broth 

 10 g/L casein peptone  

 5 g/L yeast extract  

 10 g/L sodium chloride  

LB was made up with MQW and was sterilised by autoclaving. LB-agar plates were 

prepared by adding 15 g/L bacteriological agar prior to autoclaving. Filter-sterilised 

ampicillin (50 mg/mL in MQW) was added to cooled, autoclaved broth to a final 

concentration of 50 μg/mL. In the preparation of agar plates, this step was performed 

immediately prior to pouring. Where appropriate, X-gal and IPTG were added to final 

concentrations of 40 mg/mL and 400 μM respectively. All media were stored at 4°C. 

 Methods 2.2

 General methods 2.2.1

Routine molecular biological techniques were carried out as outlined in Sambrook et al. 

[141]. Page references for each technique are shown below. 

 restriction endonuclease digestion of DNA: 5.24-5.32 

 agarose gel electrophoresis: 6.1-6.20 

 polyacrylamide gel electrophoresis: 6.36-6.43, 6.45, 18.47-18.55 

 agarose gel DNA purification: 6.22-6.23 

 calcium phosphate transfection of cells: 16.39-16.40 

 DNA ligation: 1.63-1.69 

 transformation of competent bacterial cells: 1.74, 1.76, 1.86 

 phenol/chloroform extraction of DNA: E.3-E.4 

 ethanol precipitation of DNA/RNA: E.10-E.14 

 mini-preparations of plasmid DNA: 1.21-1.31 

 polymerase chain reaction (PCR): 14.1-14.4, 14.14-14.21 
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 nuclear extracts from cultured cells: 17.8-17.10 

 Western blots: 18.60-18.61, 18.64-18.66, 18.69-18.74 

 electrophoretic mobility shift assays (EMSAs): 17.13-17.17 

 RNA electrophoresis/formaldehyde agarose gels: 7.31-7.34 

 Mouse procedures 2.2.2

2.2.2.1 Husbandry  

The ethics approval of animal use for this project was obtained from the Animal Care and 

Ethics Committee, University of Sydney (Approval No. L02/7-2009/3/5079). Animals were 

kept in a specific pathogen-free environment, in a stable temperature of 22°C to 24°C with a 

12 h light dark cycle and were given free access to water and standard chow. Mice were 

housed at up to 6 animals per cage, with male and female mice caged separately except for 

breeding purpose. 

2.2.2.2 Genotyping of mice 

Pups were weaned at 3 weeks of age, and tail snips were taken under anaesthesia for 

genotyping purposes. Anaesthesia was performed by placing mice in an enclosed chamber 

containing cotton wool soaked with isoflurane. Anaesthesia was confirmed by observation of 

a slowed respiration rate and non-response to the standard toe pinch reflex test.  

Tail biopsies from mice and embryo tail tissues were digested at 55°C in 150 μL 

DirectPCR (Tail) lysis buffer and 1 μL proteinase K (20 mg/mL) per reaction, with 

occasional mixing over a four hour period. Digestion was terminated at 85°C for 45 minutes 

and samples were spun at 13,000 g for 2 minutes to collect the supernatant containing 

genomic DNA. A single PCR was carried out allowing simultaneous detection of wild-type 

and neo sequences. 0.5 µL DNA extract was added to a 25 µL PCR mixture composed of 50 

µM dNTPs, 1.0 µM Klf1 WT primers, 1.0 µM Klf1 KO primers, 1.25 units of RedTaq DNA 

Polymerase and 1x RedTaq buffer (see Appendix 1 for primers used for genotyping). The 

thermal cycling program for these PCRs was 94°C/2 min, followed by 36 cycles of 94°C/30 

sec, 60°C/30 sec, 72°C/1 min and termination at 72°C/5 min. Klf1 WT forward and reverse 

primers (A3510, A3511) lie in Klf1 exon 2 and yield a product of 250 bp, indicating the Klf1 

WT genotype. The neo-Klf1 specific primers (A3512 and A3591) recognise Klf1 exon 2 and 

neo respectively, and amplify a neo-Klf1 amplicon of approximately 350 bp from the Klf1 
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KO allele. PCR products were electrophoresed on a 2% agarose gel and visualised under UV 

light following ethidium bromide staining. 

2.2.2.3 Timed mating of mice 

To generate embryos of a specific age, heterozygote mice at breeding age were allowed 

to mate overnight with one male and one female per breeding box. Females were removed the 

following morning so that the age of the embryos was known at the time of tissue collection. 

Pregnant females were sacrificed at embryonic days E10.5, E13.5 and E14.5 by first 

anaesthetising in a closed isoflurane chamber and then culling by cervical dislocation. Foetal 

livers were dissected and peripheral blood was collected from the embryos for experimental 

analysis. The tail of each embryo was also collected and used for genotyping. 

2.2.2.4 Adult mouse tissue collection 

Adult tissue samples (up to 140 mg each) were obtained from 10- to 16-week-old male 

FVBN mice. Bone marrow cells were flushed out using a 26.5 gauge needle and 

homogenised by pipetting. Single cell suspensions of spleen were made by mechanical 

dissociation of through a 50 μM mesh cell strainer. Fat samples were immersed in QIAzol® 

Lysis Reagent, and all other samples in TR-REAGENT, and homogenised using a 

TissueLyser II. All erythroid samples, E10.5 yolk sac, E14.5 foetal liver and adult bone 

marrow and spleen, were sorted using Magnetic Cell Sorting anti-TER119 Microbeads as per 

the manufacturer’s instructions (Miltenyi), and total RNA was extracted, or nuclear extracts 

prepared. 
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 Mammalian cell culture 2.2.3

Mouse erythroleukaemia (MEL) and COS cells were cultured in Dulbecco modified Eagle 

medium (DMEM) (low glucose) supplemented with 10% (v/v) heat-inactivated FCS and 1% 

(v/v) penicillin/streptomycin/glutamine (PSG) solution. All cells were cultured at 37°C and 

5% CO2. 

2.2.3.1 K1ER cell line 

Klf1 Inducible Oestrogen Receptor (K1ER) erythroblast cells were provided by A. Perkins 

(Mater Research Institute, Brisbane, QLD, Australia) and were cultured as described 

previously [142]. Briefly, cells were maintained in high-glucose DMEM supplemented with 

10% (v/v) heat-inactivated FCS and 1% (v/v) PSG at 37°C and 5% CO2. Subconfluent 

(30-50%) K1ER cells grown in 100 mm plates were differentiated by the addition of 1 mM 

4-hydroxytamoxifen (tamoxifen) to a final concentration of 200 nM. Tamoxifen was made up 

in ethanol, so as a negative control, ethanol was added to K1ER cells to a final concentration 

of 0.02% (v/v). Total RNA was extracted (described in section 2.2.5) 48 hours after 

tamoxifen addition or at time 0, 0.25, 0.5, 1, 2, 3, 4, 6, 8 and 24 hours post-induction for the 

time course studies. Nuclear extracts were prepared from K1ER cells from 2 hours to up to 

48 hour post addition of tamoxifen as described previously [143]. For the translation 

inhibition assays, cycloheximide (made up at 100 mg/mL in ethanol) was added to K1ER 

cells to a final concentration of 5 μg/mL and the cells were induced with tamoxifen (or 

ethanol as a negative control) 30 minutes later as described above. Due to the cytotoxicity of 

cycloheximide, RNA was extracted from the cells 6 hour after tamoxifen addition, rather than 

48 hour after, to avoid cell death.  

2.2.3.2 Primary human CD34+ cord blood and bone marrow 

cells – slow differentiation method 

Human CD34+ cord blood cells were provided by K. Mackenzie (Children’s Cancer 

Institute Australia, University of New South Wales, NSW, Australia) and were cultured and 

differentiated towards the erythroid lineage as previously described in [144]. Briefly, CD34+ 

cells were expanded at 4 x 104 cells/mL for 1 week in 20% foetal calf serum, 100 ng/ml stem 

cell factor (SCF), 100 ng/ml thrombopoietin (TPO) and 100 ng/ml FLT-3 ligand, plus 50 

mg/ml gentamycin and 200mM glutamine in Isocove’s modified Dulbecco’s media (IMDM). 

Subsequently, cells were differentiated towards the erythroid lineage at 4 x 104 cells/mL in 

serum-free QBSF-60, substituted with 20 ng/mL SCF and 6 U/mL erythropoietin (EPO) for 
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another week, and in serum-free QBSF-60 substituted with 6 U/mL EPO for the final week of 

culture. Each week, cells were harvested for assessment of expansion and differentiation. A 

diagram of this protocol is shown in Figure 2.1. 

 

Figure 2.1. Slow erythroid differentiation method of primary human CD34+ 
haematopoietic stem cells derived from cord blood or bone marrow. CD34+ cells 
were thawed and cultured in IMDM containing stem cell factor (SCF), thrombopoietin 
(TPO), Flt-3 ligand, and Interleukin-6 (Il-6) for seven days. At week 1, cells were 
harvested and a subset removed for analysis. Remaining cells were resuspended in 
QBSF-60 containing SCF and Erythropoietin (EPO). They were cultured for another 
seven days and then harvested at Week 2. Another subset was removed for analysis. 
Remaining cells were resuspended in QBSF containing SCF and EPO for a further 
seven days until week 3, after which they were all harvested for downstream 
experiments. Cell surface markers of cells at each stage are depicted in the figure. 

 

2.2.3.3 Primary human CD34+ bone marrow cells – fast 

differentiation method 

Human CD34+ bone marrow cells were purchased from Lonza (Gordon, NSW, Australia) 

and StemCell Technologies (Tullamarine, VIC, Australia) and were expanded and 

differentiated towards the erythroid lineage as previously described [145]. Briefly, CD34+ 

cells were cultured in erythroid differentiation medium (EDM) on the basis of IMDM 

supplemented with stabilized L-glutamine, 330 µg/mL holo-human transferrin, 10 µg/mL 

recombinant human insulin, 2 IU/mL heparin, and 5% solvent/detergent virus-inactivated 

plasma. The expansion procedure comprised 3 steps. In the first step (day 0 to day 7), 104 

cells/mL were cultured in EDM in the presence of 10-6M hydrocortisone, 100 ng/mL SCF, 5 

ng/mL IL-3, and 3 IU/mL EPO. On day 4, cell culture was diluted 1 in 4 in fresh medium 

containing SCF, IL-3, EPO, and hydrocortisone. In the second step (day 7 to day 11), the 
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cells were resuspended at 105/mL in EDM supplemented with SCF and EPO. In the third step 

(day 11 to day 18), the cells were cultured in EDM supplemented with EPO alone. Cell 

counts were adjusted to 7.5 x 105 to 1 x 106 and 5-10 x 106 cells/mL on days 11 and 14, 

respectively. Cells were harvested on days 7, 11 and 14. 

 

Figure 2.2. Fast erythroid differentiation method of primary human CD34+ 
haematopoietic stem cells derived from bone marrow. CD34+ cells were thawed and 
cultured in erythroid differentiation media (EDM) which consisted of IMDM with 
L-glutamine, holo-human transferrin, recombinant human insulin, heparin and human 
plasma. This media was supplemented with stem cell factor (SCF), Interleukin-3 (Il-3), 
Flt-3 ligand, and Erythropoietin (EPO) for four days, after which they were diluted 1 in 
4 in the same media. At Day 7, cells were harvested and a subset removed for analysis. 
Remaining cells were resuspended in EDM supplemented with SCF and EPO. They 
were cultured for a further 2 days till Day 11 at which point they were all harvested for 
downstream experiments. Cell surface markers of cells at each stage are depicted in the 
figure. 
 

Differentiation of cells by both methods was assessed by flow cytometry after staining 

cells fluorescein isothiocyanate (FITC)-conjugated Glycophorin A (GlyA). Aliquots were 

taken weekly for analysis by qPCR, Western blot and ChIP. The remaining cells were 

replated at 4 x 104 cells/mL in the appropriate cytokines. Cultures were expanded until the 

rate of death was greater than the rate of expansion. Population doublings (PDs) were 

calculated using the formula PDs=[log (number of cells harvested/initial cell number)/log 2]. 

 Protein overexpression in COS cells 2.2.4

COS cells were grown in 100 mm plates to 50-80% confluence. Shortly prior to 

transfection, cells were supplied with fresh DMEM (supplemented with FCS and 

penicillin/streptomycin/glutamine). Cells were then transfected with 1-5 μg plasmid DNA 

using FuGENE® 6 as instructed by the manufacturer. Cells were harvested for nuclear 
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extracts 48 or 72 hour post-transfection as described previously [143]. When applicable, cells 

were provided with fresh medium 48 hour following transfection. 5 μg 

pCMV6-XL6-hZBTB7a plasmid for overexpression of ZBTB7a, and 1-2 μg pMT3-Klf1 

plasmid for KLF1 overexpression, both for a 72-hour transfection period, were used for 

positive controls on Western blots. As a negative control, COS cells were mock-transfected 

with 1-2 μg empty pcDNA3 vector.  

 Western blotting 2.2.5

Nuclear extracts were performed as previously described [143]. Western blotting of 

nuclear extracts was performed as described previously [141, 146]. To detect mKlf1, 5 μL 

αmKlf1 A in 10 mL Tris buffered saline Tween-20 (TBST; 50 mM Tris, pH 7.4, 150 mM 

NaCl, 0.05% Tween-20) and 1 μL horseradish peroxidase-linked anti-rabbit antibody in 15 

mL TBST were used. To detect mouse and human ZBTB7A, 7.5 ng of αZBTB7a in 10 mL 

TBST and 7.5 ng of horseradish peroxidase-linked anti-Armenian Hamster antibody in 15 

mL TBST were used. Blots were probed for β-actin as a loading control, using 1 μL 

anti-β-actin in 10 mL TBST followed by 1 μL horseradish peroxidase-linked anti-mouse 

antibody in 15 mL TBST. Rainbow™ protein standards were loaded in each gel for size 

estimation. Densitometry of relative band intensities was performed using ImageJ Gel 

Analysis tool [147, 148]. Briefly, ImageJ was used to select and determine the 

background-subtracted density of the bands in the indicated blots. 

 RNA extraction and cDNA synthesis 2.2.6

Cell cultures or tissue samples were washed with PBS prior to RNA extraction. Adult 

tissue samples (up to 140 mg each) were obtained from 10- to 16-week-old male FVBN mice. 

Embryonic tissue was collected from FVBN embryos E10.5, E13.5 and E14.5.  

Total RNA was extracted with TRI-REAGENT as per the supplier’s protocol but with an 

additional centrifuge step at 12,000 g for 10 min at 4C following homogenisation to reduce 

possible genomic DNA contamination. Cell preparations and embryonic tissues were lysed in 

TRI-REAGENT by pipetting while lysis of adult tissue samples was assisted by the use of the 

TissueLyser II laboratory homogenizer. To further reduce genomic and other contamination, 

RNA was cleaned by the use of RNeasy kits and was subsequently ‘rigorously’ 

DNase-treated with DNA-free kits as instructed by the supplier.  

Approximately 5 μg of RNA was used for cDNA synthesis using SuperScriptTM III First 

Strand Synthesis System for qPCR Kit in which random hexamers were used as primers for 



 

31 
 

generation of first strand cDNA. For each sample, a negative control was also set up in the 

absence of SuperScript III reverse transcriptase (-RT) to check for genomic DNA 

contamination. 

 Quantitative real-time RT-PCR 2.2.7

Total RNA (up to 5 μg, assessed by Nanodrop) was used as a template for cDNA synthesis 

using the SuperScript III First-Strand Synthesis System kit.  Reactions were primed with 

random hexamers rather than oligo(dT) primers to achieve more efficient reverse 

transcription from RNA templates with long 3 untranslated regions (UTRs). The use of 

random hexamers also enabled cDNA synthesis from rRNA, thus allowing the use of 18S 

levels as standards for normalisation. Quantitative real-time PCRs (qPCR) (final volume 

25 μL) were set up with SYBR Green PCR Master Mix and were run with the default cycle 

parameters of the ABI Prism 7000 SDS. Approximately 10 ng cDNA (assuming 100% 

reverse transcription efficiency) was employed in each qPCR in duplicate. Expression levels 

of genes of interest were normalised against 18S rRNA levels. As negative controls, duplicate 

minus RT and no-template reactions were always included. Data from qPCRs were analysed 

with ABI Prism 7000 SDS software.  

2.2.7.1 q PCR primers 

Primer Express™ software was used to design paired qPCR primers. Primer pairs were 

designed to straddle exon-exon junctions where possible to prevent amplification of any 

contaminating genomic DNA. Specificity of primers was verified by conducting genomic 

sequence searches using the Basic Local Alignment Search Tool [149]. For each primer set, 

optimal reaction concentrations were determined which provided high sensitivity and 

reproducibility but low amplification from possible primer dimerisation. For all reactions, 

final primer concentrations lay between 200 nM and 600 nM. Amplification efficiencies of 

primer pairs were tested using standard curves and were all found to be within an acceptable 

range close to 1. A list of all qPCR primers used is found in Appendix I.  

 5’ Rapid Amplification of cDNA Ends (RACE) 2.2.8

600 ng total RNA from un-induced and induced K1ER cells, and erythroid differentiated 

CD34+ cord blood and bone marrow at Week 1 and Week 3 of differentiation was used as 

template for first strand cDNA synthesis using the SMARTerTM RACE cDNA 

Amplification Kit. The RACE PCR was performed as directed by the supplier. RACE PCR 

primers are listed in Appendix I. Thermal cycler settings were 24 cycles of 94°C/30 sec, 
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64°C/30 sec and 72°C/1 min. Amplified products were resolved by electrophoresis through a 

2% agarose gel and were purified using the Wizard SV Gel and PCR Clean-up System as per 

the manufacturer’s manual.  

Amplicons were then cloned into pUC19 vector using In-Fusion cloning, transformed into 

Stellar Competent cells, both supplied by Clontech, and minipreps were performed to extract 

the plasmids. Samples were sent for sequencing at the AGRF in Sydney, NSW, Australia. 

 Microarrays 2.2.9

10 µL of RNA extracted from E13.5 foetal liver cells was sent to the Ramaciotti Centre 

for Gene Function Analysis, University of New South Wales, at a concentration of 50 ng/µL. 

Quality of RNA was assessed by Nanodrop and Bioanalyzer. The labelling was done in 

accordance with Affymetrix IVT Express kit and hybridization in quadruplicate to 

Affymetrix Mouse Gene 1.0 ST Arrays (Affymetrix, Santa Clara, CA). Microarray data were 

analysed using Partek Genomics Suite version 6.6. Data were normalised using Robust 

Multi-Array Averaging with correction for GC content. 

 Chromatin immunopreciptiation 2.2.10

ChIP experiments were performed as previously described [150]. Approximately 5 x 107 

cells were used for each IP. ChIP-qPCR experiments were conducted on K1ER cells induced 

with 200 nM Tamoxifen, harvested at 0, 2 and 8 hours post induction, and human cord blood 

CD34+ cells differentiated for two weeks towards the erythroid lineage. ChIP-seq was 

conducted on four K562 replicates, and duplicate human bone marrow CD34+ cells 

differentiated for 7 and 11 days towards the erythroid lineage. The antibodies used were 

anti-KLF1, ZBTB7A/LRF or anti-rabbit/anti-goat IgG as a negative control.   

 High-throughput sequencing  2.2.11

Library preparation was performed using the TruSeq DNA Sample Preparation Kit (Cat# 

FC-121-2001, Illumina, San Diego, CA) according to the manufacturer’s instructions with 

minor modifications. Adapter sequences were diluted 1/40 before use and following adapter 

ligation, the library size extracted from the gel was 100-280 bp (excluding adapters) in line 

with the size of sonicated fragments. Libraries (4 inputs and 4 IP samples) were multiplexed 

into 4 lanes such that there were 2 samples per lane. Samples were sequenced using 50 bp 

single read chemistry on the HiSeq 2500 (Illumina, San Diego, CA). Sequencing was 

performed by the Ramaciotti Centre for Genomics, University of New South Wales, New 

South Wales, Australia. 
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 Bioinformatics  2.2.12

Genomic DNA, cDNA and protein sequences were retrieved from GenBank and 

homology searches were performed using the BLAST algorithm at the National Centre for 

Biotechnology Information (NCBI) website [149]. Full-length Zbtb7a cDNA entries from 

GenBank and the DNA Data Bank of Japan (DDBJ) were obtained from nucleotide searches 

at the NCBI website. Additional start points of transcription and erythroid-specific transcript 

variants were derived from FANTOM 5. The UCSC genome browser was used to align 

5’RACE sequenced products with mouse and human genomes. 

2.2.12.1 Gene expression Microarray Analysis 

Microarray data were analysed using Partek genomic suite v6.6 (Partek Inc., St. Louis, 

MO). Microarray CEL files were imported into Partek and normalized using the robust multi 

array average (RMA) algorithm. After confirming array quality (Affymetrix built-in controls 

and principal components analysis), differential gene expression was calculated and tested for 

significance using a 1-way analysis of variance (ANOVA). Gene expression P values were 

corrected for multiple testing using a false discovery rate (FDR) threshold of 0.05. 

2.2.12.2 Alignment of ChIP-Seq reads 

Quality control was performed using FastQC v0.10.1. Reads were quality filtered, 

trimmed and adapter sequences were removed using Trimmomatic v0.3.2 [151]. Reads were 

aligned to the hg19 Homo sapiens genome using Bowtie v2.2.1 [152] set to --very-sensitive. 

2.2.12.3 IDR analysis 

Pseudoreplicates were created using homer-idr v0.1 [153] for individual and combined IP 

samples. Peaks were then called using Homer v4.7.2 [154]  using the permissive settings  

(-P .1 -LP .1 -poisson .1) on individual replicates, combined replicates, individual 

pseudoreplicates and combined pseudoreplicates against the combined input control. Peaks 

lists were then supplied to homer-idr to determine the IDR statistic for each peak generating a 

final peak list satisfying the thresholds set by homer-idr. 

Reads were aligned to the hg19/NCBI build 37 Homo sapiens genome using Bowtie2 

v2.0.0-beta7 [152]. In the first round, Bowtie2 was set to --very-sensitive and –D 40. 

Non-aligned reads were subjected to a second round of alignment where the read could be 

soft clipped by running Bowtie2 with the switch --very-sensitive-local. Resulting alignments 
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were sorted, merged and indexed using Samtools v0.1.18 [155]. HOMER was used to create 

bedgraph files using the makeUCSCfile program. These were viewed using IGV v2.3 [156]. 

2.2.12.4 Motif Discovery  

The MEME-ChIP online tool was used for motif discovery [157]. This tool employs two 

motif discovery algorithms that have complementary characteristics, namely MEME [158] 

and DREME [159]. The top 800 peaks, all 164 basepairs in length, were selected from each 

ChIP-Seq dataset and genomic DNA sequences were extracted using Galaxy [160-162] in the 

FASTA format. These datasets were then individually uploaded into MEME-ChIP and were 

run using the JASPAR Vertebrates and UniPROBE Mouse database. 1st order model of 

sequences was used as the background model for all datasets. The expected motif site 

distribution in MEME was set to any number of occurrences, and MEME was instructed to 

search for 10 motifs between 5 and 30 wide. Default settings for DREME and CentriMo were 

used. 

2.2.12.5 Published ChIP-Seq data sets  

Published KLF1 ChIP-Seq datasets produced from murine KLF1-inducible K1ER cells by 

the Perkins Lab at the Mater Hospital in Brisbane, QLD, downloaded from GEO (Accession 

# GSE20478[84]), and human erythroid cell line K562s cells by the Gallagher Lab at Yale 

University School of Medicine, New Haven, Connecticut, downloaded from GEO (Accession 

# GSE43626 [85]) were used for analysis.  The raw sequencing reads from these datasets 

were processed using the ChIP-seq pipeline described above to make bedgraph files for 

visualisation in IGV and to quantify sequencing tags at genomic locations of interest. 
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CHAPTER 3 –   ZBTB7A IS A POTENTIAL REGULATOR OF 

GLOBIN SWITCHING 

 Chapter 3 Introduction 3.1

Foetal globin silencing has been studied for many years in relation to diseases of the adult 

β-globin gene such as SCD, in the hopes of reactivating foetal globin to alleviate symptoms. 

Many genes have been found to play a role in this process [163], and one very promising 

candidate is Bcl11a. BCL11A has been found under various circumstances to be involved in 

silencing γ-globin expression [105-107, 110]. However, the mechanism by which this occurs 

is largely unknown. BCL11A has never been found to bind directly to the γ-globin promoter 

[120], and knockout of this gene does not prevent all silencing of foetal globin [115]. This 

suggests that there are other important repressors, not yet discovered, involved in foetal 

globin silencing. Here, we make the case for another transcription factor with a role to play in 

this process, namely ZBTB7A. 

As outlined in Chapter 1, ZBTB7A has been found to be important in erythropoiesis. 

Firstly, it has been found to be capable of binding many of the same target genes as the 

important erythroid transcription factor, GATA-1 [164]. Secondly, the Zbtb7a knockout 

mouse is embryonic lethal at E15.5 due to severe anaemia, which has been found to be 

caused by increased apoptosis of late stage-erythroblasts [137]. This is because ZBTB7A acts 

as a crucial anti-apoptotic factor during terminal erythroid differentiation [137]. Thirdly, 

conditional knockout of Zbtb7a in adult murine long-term hematopoietic stem cells showed 

significant up-regulation of the murine embryonic haemoglobin gene h1, and orthologue of 

the human foetal γ-globin gene [165], by approximately 60-fold [138]. There is not yet 

published evidence of ZBTB7A regulating the human globin genes, however, the 

DNA-binding motif of the ZBTB7A protein, 5-G(A/G)GGG(T/C)(C/T)(T/C)(C/T)-3 [139], 

closely resembles the -200 region of the foetal -globin promoter, which contains a cluster of 

human foetal γ-globin gene up-regulating HPFH mutations, listed in Table 1.2 in Chapter 1. 

We hypothesised that ZBTB7A is the repressor that binds to the -200 region of the human 

foetal γ-globin gene promoter, and that HPFH mutations clustered at this region result in 

abolished binding of ZBTB7A and incomplete silencing of γ-globin. 

 ZBTB7A binds to the -200 region of the foetal globin promoter 3.1.1

Our lab has already begun investigations into whether ZBTB7A is capable of binding 

the -200 site of the -globin promoter in vitro, through the use of Electrophoretic Mobility 
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Shift Assays (EMSAs) (unpublished thesis [140]). In this project, G. Martyn from our lab 

investigated whether ZBTB7A can bind to the wild-type -200 region of the -globin gene, 

and also whether this binding is disrupted by any of the HPFH mutations discussed in 

Chapter 1. Figure 3.1 showed that ZBTB7A is indeed capable of binding to this site, and that 

binding is abolished by the HPFH mutations. 

 

Figure 3.1. ZBTB7A binds the -200 region of the γ-globin promoter, and this is 
disrupted by 6 individual HPFH mutations. Lanes 1 and 2 contain radiolabelled 
wild-type (WT) probe (-209 to -187 bp) whilst lanes 3-8 contain HPFH mutant probes 
as indicated. Lane 1 contains nuclear extracts from Cos-7 cells transfected with 
pcDNA3 empty vector. Lanes 2-8 contain nuclear extracts from Cos-7 cells 
over-expressing ZBTB7A. Binding of ZBTB7A to the WT -200 -globin probe is seen 
in lane 2. Various HPFH mutations cause disruption of ZBTB7A binding to this 
sequence (lanes 3-8). Asterisks represent the unbound probe (*) and the 
ZBTB7A:probe complex (**). This result is representative of two EMSAs. This figure 
has been taken from the Honours thesis of G. Martyn, Figure 3.3, pg 33 [140]. 
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This, taken together with the reported erythroid defects in the Zbtb7a conditional knockout 

mouse [137], the published binding motif of ZBTB7A [139], and the up-regulation of the 

mouse embryonic globin βh1 in the Zbtb7a knockout cell line [138], provides considerable 

evidence that ZBTB7A is capable of aiding in the switch from foetal to adult globin 

expression through the repression the foetal -globin gene. This may be achieved by binding 

the -200 region of the -globin promoter.  

In this chapter, we sought to further explore the role of Zbtb7a during erythropoiesis. 

Firstly, we investigated the expression of Zbtb7a in mouse and human erythroid cells, and 

compared this to the expression of the various β-like globin genes. And secondly, we 

explored the binding patterns of ZBTB7A through the use of ChIP-qPCR and ChIP-Seq 

experiments in human cells, and tested whether it binds to the -200 region in vivo. 

 Zbtb7a is expressed in erythroid cells in mouse 3.2

We began by investigating the expression of the Zbtb7a transcript in various mouse tissues 

in order to establish whether it is more highly expressed in erythroid tissues compared to 

non-erythroid tissues. In order to do this, we looked at a number of different non-erythroid 

tissues, namely, epididymal white adipose tissue, heart, liver, lung, kidney and brain, and 

erythroid tissues, both during development and from adult mice, namely, E10.5 yolk sac, 

E14.5 foetal liver as well as adult bone marrow and spleen. Erythroid tissues were sorted 

using the mature erythroid marker, TER119, present on the surface of erythroblasts, 

reticulocytes and mature erythroid cells. This enrichment step was performed because the 

whole tissues are made up of cells from various other sources, such as connective tissues and 

white blood cells and we were specifically interested in characterising the erythroid lineage 

cells only. Quantitative real-time RT-PCR (qPCR) was then performed across all tissues to 

investigate the expression levels of Zbtb7a. Zbtb7a transcripts were more highly expressed in 

erythroid cells than other tissue types, and were most highly expressed in the foetal liver at 

E14.5 of development (Figure 3.2). The difference in expression level between E14.5 foetal 

liver compared to all other tissues was found to be statistically significant. Transcript levels 

in yolk sac, bone marrow and spleen were also all statistically above the levels seen in 

non-erythroid tissues. All significance levels were calculated using a two tailed t test (P < 

0.05).  
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Figure 3.2. Zbtb7a transcripts are more highly expressed in erythroid tissues 
compared to non-erythroid tissues of wild-type mice. Yolk sac was harvested at 
E10.5, and foetal livers at E14.5. All adult tissues were harvested from mice aged 
between 10-12 weeks. Erythroid tissues were sorted with anti-TER119 Magnetic 
Microbeads. All other tissues were homogenized using a TissueLyserII. Whole RNA 
was extracted from the TER119+ erythroid cells, as well as the homogenized 
non-erythroid tissues. qPCR was used to investigate the expression of Zbtb7a and 
levels were normalised to 18S rRNA levels. Error bars represent standard error of the 
mean (n = 3 per tissue). All tissues are statistically significantly different with a P value 
of < 0.05 when individually compared to E14.5 foetal liver (paired Student’s t test). 
 

Protein levels of ZBTB7A were also investigated in the erythroid tissues. Western blot 

analysis was performed on nuclear extracts from TER119+ erythroid cells from E10.5 yolk 

sac, E14.5 foetal liver and adult bone marrow and spleen (Figure 3.3). These results showed 

that the ZBTB7A protein, like the transcript, was also most highly expressed in E14.5 foetal 

liver. Densitometry analysis of bands on this blot revealed the difference again to be 

statistically significant between all tissues compared to E14.5 foetal liver. Interestingly, the 

magnitude of differences in protein expression appeared to be greater than the differences at 

the transcript level. 
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Figure 3.3. The ZBTB7A protein is most highly expressed in the foetal liver at 
E14.5. (A) Nuclear extracts were prepared from mock-transfected Cos-7 cells (lane 1), 
and Cos-7 cells overexpressing ZBTB7A (lane 2), as well as cells sorted with 
anti-TER119 Magnetic Microbeads from E10.5 yolk sac (lanes 3-4), E14.5 foetal livers 
(lane 5-6), adult bone marrow (lanes 7-8) and spleen (lanes 9-10). ZBTB7A protein 
levels were assessed by Western Blot. Blots were probed with αZBTB7A and β-Actin 
was used as a loading control. (B) Densitometry analysis of Western Blot in (A) 
performed using ImageJ analysis software. Error bars represent the standard error of the 
mean (n = 2 per tissue). **, P < 0.01 (paired Student’s t test). 
 

We also investigated the levels of the various genes at the β-globin locus in the TER119+ 

erythroid tissues (Figure 3.4). We found that the embryonic globins, εy and βh1, were both 

highly expressed early in development in the E10.5 yolk sac. Expression of these transcripts 

was significantly lower in E14.5 foetal liver, and not detectable in the adult tissues. On the 

other hand, the adult globins, β-major and β-minor, were not expressed in E10.5 yolk sac, but 

were expressed to a similar level in E14.5 foetal liver as well as the adult tissues. This adds 

evidence to the role of Zbtb7a in globin regulation, as the time point where it is most highly 

expressed correlates to the time point of embryonic globin silencing in mice. 
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Figure 3.4. Embryonic and adult globin gene expression at various stages during 
development. Yolk sac was harvested at E10.5 and foetal livers from embryos at E14.5 
embryos, and spleen and bone marrow from adult mice aged 10-12 weeks. These cells 
were then sorted with anti-TER119 Magnetic Microbeads. Whole RNA was extracted, 
and qPCR was used to investigate the expression of Zbtb7a. Levels were normalised to 
18S rRNA levels. Error bars represent standard error of the mean (n = 3 per tissue). **, 
P < 0.01 (paired Student’s t test). 

 

 ZBTB7A is up-regulated during human erythroid differentiation in 3.3

haematopoietic stem cells 

Next we investigated whether ZBTB7A is up-regulated during erythroid differentiation. To 

achieve this, we used primary human CD34+ HSCs from the Mackenzie lab at the Children’s 

Cancer Institute (NSW, Australia), which were harvested at the time of birth from cord blood. 

These foetal derived cells were differentiated towards the erythroid lineage using the protocol 

outline in Chapter 2 (Figure 2.1), and samples were collected for mRNA and protein analysis 

at weeks 1, 2 and 3 during differentiation. The first week of this culture is a stem cell 

expansion phase, where the CD34+ cells are cultured with cytokines involved in HSC 
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self-renewal, and at the end of the first week, these cells are still predominantly CD34+. 

Differentiation towards the erythroid lineage begins in the second week, and by the end of 

week 2, these cells resemble immature erythrocytes known as erythroblasts. The 

differentiation is continued into the third week, and by the end of week 3, they are equivalent 

to reticulocytes and are beginning to enucleate and terminally differentiate into mature 

erythrocytes [144].  

We first investigated transcript levels of the β-globin genes to ensure differentiation was 

occurring as expected (Figure 3.5 A). In these samples it can be seen that foetal γ-globin was 

the most highly up-regulated globin gene, followed by adult β-globin. The embryonic globin, 

ε-globin, and other adult globin, δ-globin, were not significantly altered during this erythroid 

differentiation protocol. We also looked at the levels of various transcription factors during 

the differentiation period (Figure 3.5 B), namely KLF1, an important erythroid transcription 

factor, KLF3, an erythroid target of KLF1 [94, 166] also thought to play a role in globin 

switching [104], BCL11A, another KLF1 target gene [112] and established foetal globin 

silencer [62, 105-107, 110], and ZBTB7A. KLF1 was found to be the most highly 

up-regulated transcription factor, followed by KLF3. BCL11A was up-regulated by 10-fold 

whereas Zbtb7a was up-regulated by 6-fold by the third week of differentiation.  
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Figure 3.5. ZBTB7A transcript expression levels increase during erythroid 
differentiation of foetal human haematopoietic stem cells derived from cord blood. 
Expression of β-like globin genes (A) and erythroid transcription factors (B) during 
erythroid differentiation of CD34+ cord blood cells. RNA was extracted from CD34+ 
cord blood cells at week 1, 2 and 3 of differentiation. qPCR was used to investigate the 
expression of embryonic, foetal and adult β-globin genes (A), as well as erythroid 
transcription factors (B) KLF1 and KLF3, the known foetal globin silencer BCL11A 
and ZBTB7A. Levels were normalised to 18S rRNA levels. Error bars represent 
standard error of the mean (n = 5). 
 

ZBTB7A protein expression was also investigated by Western blot analysis during the 

erythroid differentiation of these cells (Figure 3.6 A). There was a marked up-regulation of 

ZBTB7A at week 3 of differentiation compared to week 1. The levels of ZBTB7A at week 3 

were significantly increased compared to both week 1 and week 2, using a two tailed t test (P 

< 0.05). Again, the assessment of protein level suggested that the difference in protein 

expression is greater than the difference in the up-regulation at the transcript level during 

differentiation (Figure 3.6 B). 
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Figure 3.6. ZBTB7A protein expression levels increase during erythroid 
differentiation of foetal human haematopoietic stem cells derived from cord blood. 
(A) Nuclear extracts were prepared from mock-transfected Cos-7 cells (lane 1), and 
Cos-7 cells overexpressing ZBTB7A (lane 2), as well as CD34+ cells at week 1 (lanes 
3-5), week 2 (lanes 6-8) and week 3 (lanes 9-10) of erythroid differentiation. ZBTB7A 
protein levels were assessed by Western Blot. Blots were probed with αZBTB7A and 
β-Actin was used as a loading control. (B) Densitometry analysis of Western Blot in 
(A) performed using ImageJ analysis software. Error bars represent the standard error 
of the mean (n = 3 per time point) **, P < 0.01 (paired Student’s t test). 
 

We repeated these experiments with cells derived from human adult bone marrow, 

purchased from Lonza and StemCell Technologies. These cells were differentiated following 

the same methodology as the cord blood cells and RNA was extracted at the same time points 

of week 1, 2 and 3 during erythroid differentiation. Experiments performed in these cells 

showed greater variability than those of cord blood, with a 10-fold difference in globin 

up-regulation seen between some experiments. The pattern of transcript expression changes, 

however, was similar in each of the three experiments. For this reason, data for each of the 

three experiments have been plotted separately, with β-like globin genes shown in the top 

graphs, and erythroid transcription factors in the bottom graphs (Figure 3.7). In all 

experiments the adult β-globin gene was the most highly up-regulated, followed by foetal 
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γ-globin. The other adult globin, δ-globin, was also slightly up-regulated, but as was the case 

with the cord blood samples, embryonic ε-globin expression was not increased during 

differentiation. 

 

Figure 3.7. ZBTB7A transcript expression levels increase during erythroid 
differentiation of adult human haematopoietic stem cells derived from bone 
marrow.  Expression of β-like globin genes (A) and erythroid transcription factors (B) 
during erythroid differentiation of CD34+ bone marrow cells. Three separate erythroid 
differentiations of CD34+ bone marrow cells were performed and RNA was extracted 
at week 1, 2 and 3 of differentiation. qPCR was used to investigate the expression of 
embryonic, foetal and adult β-globin genes (A), as well as erythroid transcription 
factors (B) KLF1 and KLF3, the known foetal globin silencer BCL11A and ZBTB7A. 
Levels were normalised to 18S rRNA levels.  These three experiments are displayed on 
separate graphs as the level of up-regulation varied greatly between the samples. 

 

It was not possible to obtain enough cells for protein extraction from these cultured human 

bone marrow samples, and therefore Western blot analysis was not performed on these cells. 

 ZBTB7A binding in the human genome 3.4

So far in this chapter, we have shown that ZBTB7A is capable of binding the -200 region 

of the γ-globin promoter in vitro, is expressed at the time of embryonic globin silencing in 

mouse and human cells, and is up-regulated at the transcript and protein level during human 

erythroid differentiation. We next sought to investigate the genomic occupancy of ZBTB7A 

in vivo in human erythroid cells using ChIP-qPCR and ChIP-Sequencing (ChIP-Seq). We 
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hypothesised that these experiments would provide further insights into the role of ZBTB7A 

in erythropoiesis.  

We performed ChIP-qPCR and ChIP-Sequencing (ChIP-Seq) experiments in the human 

erythro-leukemia cell line, K562, which resemble foetal cells, as they express low levels of 

adult β-globin and higher levels of γ-globin [167]. We also examined adult primary erythroid 

cells, differentiated from CD34+ HSCs derived from bone marrow using the protocol 

described in Chapter 2 (Figure 2.2). ChIP experiments were performed and subsequent 

downstream analyses were carried out as outlined in Chapter 2.  

 ChIP-qPCR of ZBTB7A in human cells 3.4.1

Initially we performed qPCR to determine if the ChIP was successful and examine specific 

regions of interest in the genome. The regions that were investigated in the K562 experiment 

comprised a number of positive and negative controls, as well as various regions upstream of 

the γ-globin promoter, with the focus of the experiment being the -200 site of the γ-globin 

promoter. The promoter regions of KLF1 and the apoptotic factor BCL2L11, which are 

known ZBTB7A target genes [137, 164] were used as positive controls to assess whether the 

ChIP was successful. Regions of the β-globin gene cluster, namely the embryonic ε-, and 

adult β-globin promoters, were used as negative controls for the experiment to determine 

levels that were essentially equivalent to background. Regions upstream of the γ-globin 

promoter, labelled -1.1 kb, -2.1 kb and -3.1 kb, were also used as negative controls. The 

particular region of interest was the -200 region of the γ-globin promoter. The ChIP-qPCR in 

the K562 cell line showed significant enrichment of ZBTB7A at the promoter regions for 

KLF1 (P < 0.05) and BCL2L11 (P < 0.01), suggesting successful pull-down of DNA 

fragments bound to ZBTB7A. Both ε-globin and adult β-globin showed little enrichment 

above IgG levels. Significant enrichment of ZBTB7A (P < 0.01) was detected using primers 

centred at the -200 site of the foetal γ-globin promoter, which was greater than the 

background level detected at regions upstream of the γ-globin promoter (-1.1 kb, -2.1 kb, -3.1 

kb) (Figure 3.8). As the ChIP was successful, and we saw enrichment at the -200 region of 

the γ-globin promoter, we performed ChIP-Seq experiments in these cells, described in the 

following section. 
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Figure 3.8. ChIP-qPCR analysis shows ZBTB7A binds to the -200 site of the 
γ-globin promoter in the K562 cell line. ChIP was performed using an anti-ZBTB7A 
antibody on K562 cells, and qPCR was used to analyse the enrichment of ZBTB7A at 
various loci. The tested genomic loci include the BCL2L11 and KLF1 proximal 
promoters as positive controls, as well as negative areas at the ε-globin and β-globin 
proximal promoters. Other controls include -1.1, -2.1 and -3.1 kb upstream of the 
-globin gene promoter. IP was normalised against input and error bars represent 
standard error of the mean (n = 2). *, P < 0.05, **, P <0.01 (paired Student’s t test). 

 

We also performed ChIP-qPCR experiments in duplicate on CD34+ bone marrow cells 

differentiated towards the erythroid lineage using the fast method, described in Chapter 2 

(Figure 2.2). We harvested cells at Day 7 (Figure 3.9 A) and Day 11 (Figure 3.9 B) of 

differentiation. In this experiment we only looked at a small subset of the targets investigated 

previously to test whether the ChIP was successful as the amount of material was limited. We 

examined enrichment of ZBTB7A at one positive control, BCL2L11, one negative control, 

ε-globin, and the -200 region of the γ-globin promoters. Here we saw significant enrichment 

at the promoter for BCL2L11, and no enrichment at the ε-globin promoter, indicating that the 

ChIP was successful in these cells. While the enrichment at the -200 region of the γ-globin 

promoter is marginal compared to the K562 ChIP-qPCR above, we were encouraged that the 

ChIP was successful and continued with a ChIP-Seq using these samples. 
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Figure 3.9. ChIP-qPCR in primary human adult erythroid cells demonstrated that 
the ChIP was successful but did not provide convincing evidence for ZBTB7A 
occupancy at the -globin promoter. CD34+ bone marrow cells were differentiated 
towards the erythroid lineage in duplicate, and harvested at (A) Day 7 and (B) Day 11. 
ChIP was performed using an anti-ZBTB7A antibody, and qPCR was used to analyse 
the enrichment of ZBTB7A at various loci. The tested genomic loci include the 
BCL2L11 as a positive control, as well as a negative control at the ε-globin proximal 
promoters. The particular region of interest was the -200 region of the -globin 
promoter. IPs were normalised against inputs. 
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 ChIP-Seq of ZBTB7A in human cells 3.4.2

ZBTB7A ChIP-Seq was performed in four replicates of K562 cells, and duplicates of 

primary human CD34+ bone marrow samples differentiated for 7 and 11 days down the 

erythroid lineage. The actual wetlab ChIP-Seq experiment in the case of the K562 cells was 

performed in our lab by A. Funnell. Alignments, trimming, peak calling, and annotation of 

peaks, were performed by J. Burdach, as outlined in Chapter 2 and conforming to the 

guidelines for ChIP-Seq analysis outlined by the ENCODE consortium [168]. 

Firstly, we determined broadly which genomic regions ZBTB7A was bound to in the each 

of the experiments (Figure 3.10). Across all the experiments, ZBTB7A was bound mainly to 

promoters, defined as 1,000 bp downstream (-1,000 bp) to 100 bp upstream (+100 bp) of the 

TSS. ZBTB7A was also found at many intronic and intergenic regions. Regions termed 

“other” include 3’- and 5’UTRs, exonic regions and transcriptional termination site regions. 

As intergenic regions are fairly abundant in the genome, we would expect a large number of 

binding sites to lie in these regions. Introns can also be very large, and the high number of 

binding sites in these regions is also to be expected. We found that, across all three datasets, 

at least 30% of ZBTB7A binding sites are found at promoter regions. According to 

GENCODE and the Human Genome Project, the human genome contains roughly 20,000 

genes [169] spread over 3 billion bp [170]. The annotation used for this experiment dictates 

that promoter regions extend for 1, 100 bp (from -1, 000 bp to +100 bp of the TSS). In order 

to find the percentage of the genome devoted to promoter regions in this annotation, the 

length of the defined promoter region (1,100 bp) was multiplied by the number of genes, 

(20,000) and divided by the number of base pairs of the genome (3 billion). This means that 

0.7% of the human genome is annotated as a promoter in this analysis. The large number of 

binding sites at promoter regions, therefore, is highly enriched above their representation in 

the genome. This is an encouraging finding - as ZBTB7A is a transcription factor, we would 

expect to find it at promoters of genes, which gives us confidence that we have successfully 

pulled down regions bound to ZBTB7A in all three datasets. 
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Figure 3.10. Percentage of ZBTB7A binding to regions of the genome in K562 and 
bone marrow cells. ChIP-Seq analysis of ZBTB7A binding was performed on four 
replicates of K562 cells. Annotation of peaks was performed using HOMER. ZBTB7A 
is found to bind mostly intronic regions, followed by promoters and intergenic regions. 
Other regions are composed of 3’- and 5’UTRs, exonic regions and TTSs. 

 

Next we analysed the consensus binding motifs of ZBTB7A using the MEME-ChIP online 

tool [157-159]. We used the top 800 peaks from each dataset for this analysis. We found that 

the most enriched motif in the K562 experiment pulled out by DREME (Figure 3.11), was 

very similar to the already published ZBTB7A binding motif of 

5-G(A/G)GGG(T/C)(C/T)(T/C)(C/T)-3 [139], which, as previously mentioned, closely 

resembles the -200 site of the γ-globin promoter. This motif we pulled out was found in 407 

of the 800 peaks submitted. This motif was also highly enriched in the bone marrow samples, 

but was not found in as many of the top 800 peaks as it was for the K562 sample. It was 

found in 363 out of 800 peaks at Day 7, and 261 out of 800 at Day 11. The DREME analysis 

also pulled out a GATA-binding motif as the second most enriched motif in the K562 

experiment, as well as bone marrow at Day 7. This motif was found to be the most highly 

enriched in ZBTB7A peaks in the Day 11 samples. This is interesting as ZBTB7A has been 

found to bind many of the same promoters as GATA-1 [164].  
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Figure 3.11. ZBTB7A DNA binding consensus motifs discovered using online 
MEME-ChIP tool. The locations of the top 800 peaks were uploaded into the online 
Galaxy online tool, and FASTA sequences were obtained. These sequences were then 
used for MEME-ChIP analysis. The peak count figure was determined by the software 
after disregarding sites that match previously found motifs. The E value is the number 
of candidate motifs tested multiplied by the P value, which was calculated by the 
software using Fisher’s Exact Test for enrichment of the motif in the positive 
sequences. 

 

While it is likely that ZBTB7A affects distally located genes from its intergenic binding 

sites, or even from intronic, exonic and UTR regions, genes where ZBTB7A is bound to the 

promoter are more likely to be under the direct regulation of ZBTB7A, and are certainly the 

easiest to test. We were interested where in these promoter regions ZBTB7A was mostly 

found in relation to the TSS of the associated genes. The data shown in Figure 3.12 indicated 

that ZBTB7A was found at or adjacent to the TSS in all three experiments, and appears to 

bind preferentially to regions located between 100 bp upstream and 50 bp downstream of the 

TSS.  
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Figure 3.12. ZBTB7A largely binds regions close to TSS. ChIP-Seq analysis of 
ZBTB7A binding was performed on four replicates of K562 cells. Annotation of peaks 
was performed using HOMER. Distance to TSS was plotted against number of sites in 
each region of 50 bp from -1, 000 kb to 1, 000 kb around the TSS. ZBTB7A is 
primarily bound to regions close to the TSS, with a peak at 50-100 bp upstream. 
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Next, we examined the binding at key erythroid genes using the Interactive Genome 

Viewer (IGV) v2.3. We looked at genes which have previously been described as ZBTB7A 

targets, KLF1 and the apoptotic factor BCL2L11 (Figure 3.13), and additional interesting 

erythroid genes, namely GATA-1 and BCL11A. As many factors are involved in regulating 

themselves, we also investigated the promoter of ZBTB7A (Figure 3.14). We found ZBTB7A 

binds to the promoter regions of both KLF1 and BCL2L11, as previously described [137, 

164]. But we also see evidence of ZBTB7A binding to a region slightly upstream of the 

promoter of GATA-1, which may be a distal enhancer/silencer site, and to the promoter of 

BCL11A, as well as its own promoter.  

 

Figure 3.13. ZBTB7A binds to the promoters of KLF1 and BCL2L11 in human 
cells. ChIP-Seq peaks were viewed using IGV v2.3 and indicate that ZBTB7A binds to 
the promoters of both KLF1 (A) and BCL2L11 (B). This binding is seen across all 
K562 and bone marrow samples. The asterisks indicate the positon of the promoters 
and the arrows indicate the direction of translation. 



 

53 
 

 

Figure 3.14. ZBTB7A binds to regulatory regions of GATA-1, BCL11A and 
ZBTB7A in human cells. ChIP-Seq peaks were viewed using IGV v2.3 and indicate 
that ZBTB7A binds to a region upstream of the promoter of GATA-1 (A), and at the 
promoters of BCL11A (B) and ZBTB7A (C). This binding is seen across all K562 and 
bone marrow samples. The asterisks indicate the positon of the promoters and the 
arrows indicate the direction of translation. 
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We were chiefly interested in assessing the binding of ZBTB7A to the β-globin locus and 

particularly the -200 site of the γ-globin promoters. We found that ZBTB7A binding was 

present at a region upstream of the embryonic ε-globin gene in both K562 and bone marrow 

samples. There appeared to be more binding to this region in the bone marrow samples, and 

these displayed four discreet peaks, which were enriched in the Day 11 samples. This region 

is the β-LCR, consisting of five DNase hypersensitive sites, involved in facilitating 

long-range interactions to various regions of the β-globin locus to regulate these genes. The 

bone marrow samples also displayed a peak at the adult β-globin gene, which is also enriched 

in at the later time point. The K562 samples showed a peak at the -200 region of both 

γ-globin promoters, however this was not seen in the bone marrow samples (Figure 3.15).  

 

Figure 3.15. ZBTB7A binds to regulatory regions of the β-globin locus. ChIP-Seq 
data revealed that ZBTB7A binds to the DNase Hypersensitive sites of the β-Locus 
Control Region (LCR) across both K562 and bone marrow samples (A), as well as 
the -200 site of the both the γ-globin promoters in all K562 replicates (B). The asterisks 
indicate the positon of the promoters and the arrows indicate the direction of 
translation. 
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 ChIP-qPCR of ZBTB7A in primary foetal erythroid cells  3.4.3

As the enrichment of ZBTB7A at the -200 region in the K562 cells is modest, it is difficult 

to conclude from the bone marrow experiments whether ZBTB7A is simply not bound to this 

region, or whether the experiment, for whatever reason, was not efficient enough to detect the 

binding. As the K562 cells are more foetal in nature, we hypothesised that we would be able 

to detect binding of ZBTB7A to the γ-globin locus more readily in foetal cells. Thus, we 

performed initial ChIP-qPCR experiments on foetal primary human erythroid cells, 

differentiated from CD34+ HSCs derived from cord blood (Figure 3.16), using the slow 

method described in Chapter 2 (Figure 2.1). A similar pattern of expression was seen as in the 

K562 experiments, with ZBTB7A enriched at the KLF1 and BCL2L11 promoters, as well as 

the -200 region of the foetal γ-globin promoter. Levels detected at -1.1 kb and -2.1 kb regions 

upstream of the γ-globin promoter, as well as the negative control region of the promoters of 

embryonic ε-globin and adult β-globin were at background levels. We saw greater enrichment 

at the -3.1 kb region. Obtaining enough cells to perform a ChIP-qPCR experiment using this 

method was challenging, and therefore only one replicate is shown.  As this result is more 

comparable to the results obtained for the K562 ChIP-qPCR experiments, we plan to perform 

ChIP-Seq experiments in this cell type in the future. 
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Figure 3.16. ChIP-qPCR analysis shows ZBTB7A binds to the -200 site of the 
γ-globin promoter in erythroid differentiated human primary haematopoietic stem 
cells derived from cord blood cells. The tested genomic loci include the BCL2L11 and 
KLF1 proximal promoters as positive controls, as well as negative areas at the ε-globin 
and β-globin proximal promoters. Other controls include -1.1, -2.1 and -3.1 kb 
downstream of the -globin gene promoter. IP was normalised against input. A 
representative plot is shown.  
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 Chapter 3 Discussion 3.5

Previously published data has shown that ZBTB7A is important for normal erythroid 

development in mice [137, 164] and preliminary microarray experiments in HSCs have 

implicated it in repression of the embryonic βh1-globin gene [138], an orthologue of the 

human foetal γ-globin gene [165]. The DNA-binding consensus sequence of ZBTB7A [139] 

closely resembles the -200 region of the foetal γ-globin promoter. Previously, our lab 

provided the initial evidence of ZBTB7A binding to the -200 site of the foetal globin 

promoter in in vitro EMSA studies [140]. Here we investigated the role of ZBTB7A in vivo 

in the mouse as well as in human cells. 

We found that Zbtb7a was most highly expressed in erythroid tissues, consistent with the 

view that it has an important role in these cells in particular. Zbtb7a expression was, however, 

also detected in the non-erythroid cells. Zbtb7a has been found to have roles in various 

cancers both as a proto-oncogene [171-175] and more recently as a tumour suppressor [176, 

177]. This suggests the precise regulation of Zbtb7a levels is of critical importance in many 

different cell types. We also found that Zbtb7a was most highly expressed at E14.5 in the 

foetal liver, which correlates well with the embryonic lethality of the Zbtb7a-/- mice at day 

E15.5 due to severe anaemia. There was also a correlation between high Zbtb7a levels and 

embryonic globin gene silencing. Increased levels of Zbtb7a at E14.5 correspond to the time 

of down-regulation of the transcripts of the embryonic globins, εy and βh1. This provided 

anecdotal evidence of ZBTB7A’s involvement in silencing these genes. As Zbtb7a 

expression was higher at the time of embryonic globin silencing, we suggest that its 

up-regulation, at least in part, is to assist in repressing these genes. Once they have been 

silenced, there would no longer be a need for the high levels of ZBTB7A.  At later time 

points we saw Zbtb7a down-regulated to basal levels which may be required for normal 

erythroid development and maturation. The basal level in these tissues was still higher than 

expression seen in non-erythroid tissues, in line with an important erythroid-specific role for 

ZBTB7A. 

We also found ZBTB7A expression was up-regulated during human erythroid 

differentiation in cells from both foetal and adult origin. In the foetal cells, derived from cord 

blood, we found a large up-regulation of the foetal γ-globin, as well as a modest up-regulation 

in the adult β-globin gene. As these cells were harvested at the time of birth from the 

umbilical cord, which is around the time that globin switching begins to occur in humans 

(Figure 1.2), we would expect to see the expression of both foetal and adult globins in the 

mixed population of cells. We also see a modest up-regulation of the foetal silencer BCL11A, 
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and ZBTB7A. The up-regulation of ZBTB7A seen at the protein level was significantly higher 

than that of the transcript. This is possibly indicative of the sensitivity of qPCR, where the 

low levels of transcript are readily detected. Protein detection by Western Blot is less robust. 

The high up-regulation of γ-globin in these cells suggests it is not being repressed, and may 

be explained by the low up-regulation seen in transcripts of the repressors BCL11A and 

ZBTB7A.  

A similar pattern of globin and erythroid transcription factor expression was seen in the 

cells derived from bone marrow. However, in this case, as expected, the adult β-globin was 

most highly up-regulated. We also found a small up-regulation of the other adult globin gene, 

δ-globin, a gene whose expression is not normally as high as β-globin. It is interesting here 

that γ-globin was also highly up-regulated, in some experiments by the same amount as 

β-globin. This result fits with previous reports of variable expression in these cells [120], 

although in our experiments, the level of foetal globin was particularly high. The reason for 

this is unknown, and we can only speculate. There have been a number of studies published 

which suggest that when cells are stressed, they activate γ-globin [59, 178, 179], and perhaps 

this was occurring in these cells. This again may be accounted for by the observation that the 

expression of repressors BCL11A and ZBTB7A was low in these cells, resulting in foetal 

globin not being fully silenced in these cells. 

We performed ChIP-qPCR in K562 cells. The enrichment seen at the -200 site, while 

statistically significant above background, was substantially lower than that seen at the 

positive controls of the KLF1 and BCL2L11 promoters. As the predominant function of 

ZBTB7A described in the literature is as a repressor, it is interesting that ZBTB7A was 

highly enriched at the KLF1 promoter, which was expressed highly in these cells. However, 

while ZBTB7A has been found to bind to the KLF1 promoter in vivo [164], it has not been 

shown to directly silence its expression. ZBTB7A has been shown to be capable of activating 

expression of some of its target genes, for instance in conjunction with SREBP-1 it activate 

the expression of the fatty acid synthase gene, FASN [180]. It is possible then, that ZBTB7A, 

acting with some unknown co-activator or other activating transcription factors, is enhancing 

the expression of KLF1 in these cells. We believe it is not involved in activation at the -200 

site due to our in vitro studies where we found binding to this region is abolished by known 

HPFH mutations which lead to up-regulation of γ-globin. While the enrichment of ZBTB7A 

at the -200 site in K562 cells is modest, this ChIP-qPCR experiment has been consistently 

repeated a number of times in our lab and we propose it is indicative of ZBTB7A binding to 

this region.  
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We also investigated the genome-wide binding of ZBTB7A in primary human cells using 

ChIP-Seq experiments. Here we see that ZBTB7A binds mostly at promoters, introns, and 

intergenic regions, with strong enrichment at promoters compared to their representation in 

the genome. As ZBTB7A is a transcription factor, this enrichment at promoters is expected. 

The binding of ZBTB7A to non-promoter regions was also detected. While it may be playing 

a regulatory role from distal enhancers/silencers at intergenic and even intronic regions, this 

is much harder to assess as the understanding of long-range transcriptional regulation at a 

genome wide scale is limited. It would be interesting to look at these promoter peaks in 

conjunction with microarrays, or RNA-Seq experiments performed in ZBTB7A-/- cells 

compared to WT K562s to see if these promoters, and possibly intronic, peaks correlate with 

a change in expression of the genes.  

In this experiment we also pulled out an enriched binding motif of ZBTB7A, which was 

found to be very similar to the one published which resembles the -200 region of the γ-globin 

promoter. Interestingly, a GATA site was also found to be highly enriched, and was the most 

prevalent motif in the bone marrow samples at Day 11. Perhaps as cells mature towards the 

erythroid lineage, ZBTB7A is recruited to GATA-sites by factors which are up-regulated in 

an erythroid-specific manner, such as SCL/TAL1, often found to bind near GATA-1 [181]. 

As GATA-sites are prevalent in the promoters of many erythroid genes, it may be through 

this mechanism that ZBTB7A is able to act at its erythroid targets to ensure proper 

erythropoiesis. We also see a number of peaks at genes which have been shown to be 

regulated by ZBTB7A such as BCL2L11 and KLF1. We also find a peak at the promoter 

regions of both the γ-globin genes, but not any other regions of the β-globin locus in the K562 

replicates. These peaks are quite small, which might be due to the fact that K562 cells express 

large amount of γ-globin and that the binding of repressors such as ZBTB7A is limited at the 

developmental time point captured in these cells. We found no enrichment of ZBTB7A at the 

-200 region in the bone marrow experiments, but did see peaks at other regions in the locus 

such as the LCR and adult β-globin gene. It is possible that ZBTB7A is involved in looping 

interactions to various regions in the β-locus to affect expression of different genes.  

Initial analysis of the ZBTB7A ChIP-Seq data, revealed that the ChIP-Seq experiments 

performed in the CD34 bone marrow cells lower signal to noise ratios that those in the K562 

experiment. This could be due to a number of factors. There may simply have not been as 

much material used in the CD34 experiments. While cell counts are carried out to ensure the 

same numbers of cells across experiments, these cells are differentiating towards the 

erythroid lineage, and are doing so quite rapidly, and some cells may have already enucleated 
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at the time points chosen, resulting in less genomic material in the samples. Another 

possibility is that ZBTB7A is not expressed as highly as in K562 cells at these time points. 

Finally, as explained below, it is possible that it is harder to detect a repressor at its target 

genes. 

The reasons for this difficulty are two-fold. Firstly, if the gene is expressed, is it likely that 

the repressor would be bound to this region? On the other hand, if the gene is successfully 

silenced, the repressor may have initiated conformational changes in the chromatin, resulting 

in tightly packaged heterochromatin. In this case, if the repressor is no longer required for 

active repression of the gene, is it still likely to be bound to this site? As we see a small peak 

of binding to these regions while γ-globin is expressed in K562 cells, we believe that it is an 

indication that ZBTB7A is able to bind to this region, and under the right conditions, or the 

correct time point, binding will be significantly enriched. We were able to show binding of 

ZBTB7A to similar levels seen in K562 cells in primary erythroid cells derived from cord 

blood. We hypothesise that this is because switching is actively occurring in these cells and 

ZBTB7A is being recruited to the promoter of the foetal globin genes to aid in their 

repression. We therefore will be performing ChIP-Seq experiments in these cells in the 

future. 

Our lab has determined the ability of ZBTB7A to bind to the -200 site of the γ-globin 

promoter in vitro, and shown that this binding is abolished by mutations that have been found 

to cause up-regulation of foetal globin, resulting in HPFH [140]. In this chapter we showed 

enrichment of ZBTB7A at the wild-type -200 site in vivo in both the K562 cell line, and 

primary human erythroid cells from cord blood. This, taken together with the previously 

published data, such as the capability of ZBTB7A to repress genes and its potential role in the 

silencing of the embryonic βh1 in a conditional Zbtb7a-/- mouse cell line [138], provides 

considerable evidence that ZBTB7A is a regulator of globin switching. The next logical 

question is, of course, whether ZBTB7A is capable of silencing the expression of γ-globin in 

human cells in vivo. Our lab is currently collaborating with Stuart Orkin and Takahiro Maeda 

at Harvard University who have developed a conditional Zbtb7a-/- mouse expressing a YAC 

containing the human β-globin locus.  

The following chapters of this thesis will investigate the regulation of Zbtb7a in an 

erythroid context. As we have added further weight to the role of ZBTB7A in erythropoiesis, 

and possibly haemoglobin regulation, understanding how ZBTB7A is activated in erythroid 

cells is important.  
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CHAPTER 4 –   ZBTB7A IS A DIRECT TARGET OF KLF1 

 Chapter 4 Introduction 4.1

As discussed in Chapter 1, KLF1 is a master regulator of erythropoiesis, and Klf1 null 

mice die at around embryonic day E14.5 due to severe anaemia. An image of a Klf1 null 

embryo at embryonic day E15 compared to a heterozygous littermate can be seen in Figure 

4.1 [90]. This image clearly shows the anaemic phenotype of the Klf1-/- embryo. Initially, it 

was thought that this was predominantly due to the loss of adult β-globin gene expression, but 

the deficit has proven to be more severe than the absence of adult β-globin alone  [182], as 

correction of this globin imbalance fails to sufficiently rescue the phenotype [54, 183, 184]. 

KLF1-binding motifs are prevalent in the regulatory regions of many genes involved in 

erythropoiesis. Microarray analyses have uncovered many KLF1 target genes, which have 

been found to be involved in all manner of erythroid cell maintenance, including the 

erythroid cytoskeleton, cell membranes and transmembrane proteins, haeme-biosynthesis, 

transcription and cell-cycle factors, as well as the various blood group antigens [87].  

 

Figure 4.1. Phenotype of the Klf1-/- embryo at E15 compared to a heterozygous littermate 
[90]. Development of the Klf1 null embryos is normal until embryonic day E14.5, at which 
point the KO embryos are unable to produce mature definitive erythrocytes. At this time, the 
KO embryos succumb to fatal beta-thalassemia, hence the pail phenotype of the KO embryo. 

 

It has long been known that KLF1 plays a critical role in regulating the developmental 

switch between foetal and adult haemoglobin expression by direct activation of adult 

β-globin. But more recently, it has also been found to be an important factor in the indirect 

repression of foetal γ-globin gene expression in adult erythroid progenitors, via direct 

activation of the known γ-globin transcriptional repressor, Bcl11a [185]. This is evidenced in 

a particular HPFH mutation within a Maltese family, which has been linked to a 

Klf1
-/-

 Klf1
+/-
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heterozygous nonsense mutation, K288X, in KLF1 that results in haploinsufficient expression 

of this gene. Genome-wide expression studies in these individuals have shown that one of the 

down-regulated genes is BCL11A [105, 106, 110], and consequently, the embryonic and 

foetal globins are up-regulated [185]. Also, it has been shown that BCL11A levels are directly 

proportional to altered KLF1 levels, and inversely proportional to γ-globin levels. ChIP 

analyses have also confirmed occupancy of KLF1 at the promoter region of the BCL11A gene 

in both humans and mice [112, 185]. As mentioned previously, BCL11A is not the only 

factor involved in γ-globin silencing. It therefore is reasonable to predict that KLF1 may 

activate the expression of other foetal globin silencers. 

Microarrays, while identifying many erythroid genes regulated by KLF1, have also 

identified KLF1 target genes with no apparent erythroid function.  For some of these genes, 

erythroid function is now being investigated. Zbtb7a is one such gene. This gene was 

identified as a potential KLF1 target in microarray analyses of Klf1+/+ and Klf1-/- E14.5 foetal 

livers, as well as induced and un-induced K1ER cells, an inducible KLF1 cell line developed 

by rescuing immortalised E14.5 Klf1 null foetal liver erythroblasts with a transgene encoding 

Klf1 fused to the ligand binding domain of the oestrogen receptor (KLF1-ER) [142]. These 

cells are discussed further in following sections. The role of Zbtb7a in erythropoiesis has 

recently emerged and, as we have shown in the Chapter 3, there is evidence that ZBTB7A, 

like BCL11A, plays a role in foetal globin silencing.   

It has not yet been examined whether Zbtb7a is, in fact, a direct target of KLF1, or 

whether it is regulated by other activating transcription factors which are downstream KLF1 

targets. In this chapter, we aimed to test the hypothesis that Zbtb7a is directly activated by 

KLF1. As we know Zbtb7a plays an important role in erythropoiesis and potential role in 

globin switching, it is important to understand how Zbtb7a is regulated, especially in an 

erythroid context. 

 Zbtb7a is down-regulated in Klf1-/- animals at E14.5 4.2

Microarrays of Klf1+/+ and Klf1-/- tissue have been previously performed on E14.5 foetal 

livers [87], and have revealed that Zbtb7a transcript levels are lower in the absence of Klf1. 

We performed qPCR and Western blot analysis on Klf1+/+, Klf1+/- and Klf1-/- E14.5 foetal 

livers to validate this finding. A statistically significant down-regulation in Zbtb7a expression 

levels of approximately 3.5-fold was seen in the absence of KLF1 (Figure 4.2 A). It is worth 

noting that these embryos originated from different litters, which, despite the use of timed 

matings, may not be at exactly the same developmental time point. When individual samples 
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were compared, colour-coded according to litter, each Klf1+/+ sample displayed consistently 

higher levels of Zbtb7a compared to their Klf1-/- littermates (Figure 4.2 B). ZBTB7A protein 

levels are also reduced in the Klf1-/- foetal livers, compared to their Klf1+/+ and heterozygous 

littermates (Figure 4.3 A). Densitometry performed on these bands showed that the difference 

in protein level is similar to that of the transcripts (Figure 4.3 B). 

 

Figure 4.2. Zbtb7a transcript levels are depleted in E14.5 Klf1 null foetal liver.  
(A) Whole RNA was extracted from E14.5 litter-matched Klf1+/+, Klf1+/- and Klf1-/- 
foetal livers. Average mRNA levels of Zbtb7a were assessed by qPCR and have been 
normalised to 18S rRNA levels. Error bars represent standard error of the mean (n = 5 
per genotype). *, P < 0.05 (paired Student’s t test, compared Klf1+/+ to Klf1-/- samples). 
(B) Zbtb7a transcript levels assessed by qPCR for each sample, colour-coded according 
to litter. 
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Figure 4.3. ZBTB7A protein levels are lower in E14.5 Klf1 null foetal liver.  
(A) Nuclear extracts were prepared from mock-transfected Cos-7 cells (lane 1), and 
Cos-7 cells overexpressing ZBTB7A (lane 2), as well as E14.5 foetal livers from 
litter-matched Klf1+/+, Klf1+/- and Klf1-/- embryos (lane 3-11). ZBTB7A protein levels 
were assessed by Western Blot. Blots were probed with αZBTB7A and β-Actin was 
used as a loading control. (B) Densitometry analysis of Western Blot in (A) performed 
using ImageJ analysis software. Error bars represent the standard error of the mean  
(n = 3 per genotype). P = 0.06 (paired Student’s t test, compared Klf1+/+ to Klf1-/- 
samples). 

 

E14.5 is the time of embryonic lethality in the Klf1-/- mice [89, 90], and from our 

experience, Klf1-/- embryos have succumbed to severe anaemia at this time point. These mice 

were pale and small compared to their Klf1+/+ and Klf1+/- littermates. Therefore changes in 

expression levels at this time point may be due to degrading RNA and protein species and not 

exclusively attributable to the absence of KLF1. Thus, we performed our own microarrays 

comparing Klf1+/+ to Klf1-/- foetal livers at the earlier time point of E13.5, prior to Klf1-/- 

embryos succumbing to anaemia. At this time point, Klf1 null embryos were more 

comparable to their WT and heterozygous littermates as they were still viable.  RNA was 

extracted from Klf1+/+ and Klf1 null foetal livers, and was then subjected to whole transcript 

sense labelling and hybridisation to Mouse Gene ST 1.0 arrays (Affymetrix, CA). Microarray 

data were analysed using Partek genomic suite v6.5 (Partek Inc., MO).  
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Microarray CEL files were imported into Partek and normalized using the robust 

multi-array average (RMA) algorithm. Figure 4.4 shows a Principal Components Analysis 

plot, used to visualise each sample set as a whole. Each point on the plot represents a sample, 

red being the Klf1-/- samples, and grey the Klf1+/+. The Klf1+/+ and Klf1-/- samples tended to 

group together, indicating similar intensity values across the probe sets for the entire genome 

for each group, and a clear separation of Klf1+/+ and Klf1-/- samples. There did not appear to 

be any outlier samples, although slightly greater variability was observed among the Klf1+/+ 

samples. 

 

Figure 4.4. Principal component analysis of E13.5 foetal liver mircoarrays shows 
Klf1+/+ and Klf1-/- samples group together. Whole RNA from Klf1+/+ and Klf1-/- foetal 
livers was then subjected to whole transcript sense labelling and hybridisation to Mouse 
Gene ST 1.0 arrays (Affymetrix, CA). Data was imported into Partek software v6.5 for 
analysis. A PCA map was produced, showing the groupings of the data for all the probe 
sets across the entire mouse genome for each sample. Klf1+/+ samples are shown in 
grey and Klf1-/- samples in red (n = 3 for each genotype).  
 

After confirming array quality (Affymetrix built-in controls and principal components 

analysis), differential gene expression was assessed and tested for significance using a 

one-way analysis of variance (ANOVA). In total, there were over 28, 000 genes deregulated 

in the absence of Klf1. A volcano plot of these data is shown in Figure 4.5. A P value cut-off 

of less than 0.05 was applied to the total list of deregulated genes, and of these, transcripts 

deregulated by more than 2-fold were selected. In total, 503 probe sets showed altered 

expression between Klf1+/+ and Klf1-/- at these cut-offs. A heat map was generated from these 

503 significantly altered genes (Figure 4.6). The majority of genes that showed altered 

expression in the Klf1-/- samples were down-regulated: a total of 382 genes were down- and 
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121 were up-regulated. This heat map also assesses the similarity between the samples - the 

Klf1+/+ and Klf1-/- samples group together very distinctly. 

 

Figure 4.5. Effect of Klf1 knockout on transcript expression in E13.5 foetal liver 
cells. Vertical cut-offs represent a fold change of 2.0 in transcript expression, and 
horizontal cut-offs represent a P-value of < 0.05 as determined by one-way ANOVA, 
generated by Partek Genomics Suit™ 6.6. Blue data points represent genes 
down-regulated in the Klf1-/-, and red data points up-regulated, that satisfy both of these 
cut-offs. These genes were then used to create the gene list used for further analysis. 
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Figure 4.6. Gene expression changes in Klf1+/+ versus Klf1-/- E13.5 foetal livers. The 
heat map displays results for all differentially expressed genes whose average 
expression changed by at least 2-fold and P < 0.05. Up-regulated genes are shown in 
red and down-regulated genes in blue. This map was generated by Partek Genomics 
Suit™ 6.6. 

 

Many of the 503 probe sets found to have altered expression between these samples have 

not yet been annotated to specific transcripts. Of the 322 annotated probe sets found, 228 

were down-regulated in the Klf1-/-, and 94 up-regulated. Gene ontology performed on this list 

of 322 genes using the online DAVID Bioinformatics Resources 6.7 tool [186, 187] indicated 

the most enriched pathways to be those involved in erythroid cells, such as erythrocyte 

differentiation, homeostasis and development, as well as other more general haematopoietic 

pathways. Some genes found to be deregulated in the microarrays, such as Klf3, Zbtb7a and 

Lmo2, were not identified in the DAVID analysis as having a specific haematopoietic role, 

however their role in erythropoiesis has been established in previous studies and therefore, 

they were included in the table. A composite list of the most highly deregulated genes 

involved in haematopoiesis is shown in Table 4.1. 
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Table 4.1. Gene list of 20 of the most highly deregulated haematopoietic genes 
found by microarray analysis of Klf1+/+ and Klf1-/- E14.5 foetal livers. First column 
is the gene name, column three is the P-value, column four shows the haematopoietic 
pathways identified by gene ontology software DAVID, and column five lists 
references relating to the role of each gene in haematopoiesis.  

Gene 
Name 

P Value 
Fold 

Change
Pathway from DAVID Reference 

Ahsp 1.38x10-9 -389.07 Erythroid differentiation & homeostasis [188, 189] 

Sox6 1.66x10-5 -6.70 Erythrocyte development 
[117-120, 

190] 

Klf3 1.37x10-6 -5.99 Transcription 
[91, 104, 

191] 

Zbtb32 9.20x10-5 -4.03 
Haematopoiesis, lymphopoiesis & 
immune development 

[192-194] 

Add2 1.49x10-6 -3.93 
Haematopoiesis, lymphopoiesis & 
immune development 

[195, 196] 

Epb4.2 6.48x10-6 -2.85 
Erythroid differentiation, development 
& homeostasis, haematopoiesis, 
lymphopoiesis & immune development 

[197] 

Ank1 6.06x10-5 -2.83 
Erythroid differentiation, development 
& homeostasis, haematopoiesis, 
lymphopoiesis & immune development 

[198] 

Klf1 2.82x10-4 -2.75 
Erythroid differentiation, development 
& homeostasis 

[84, 89, 
90, 101] 

Sgpl1 4.75x10-4 -2.25 
Haematopoiesis, lymphopoiesis & 
immune development 

- 

Zbtb7a 4.89x10-4 -2.15 Transcription 
[136-138, 

164]  

Slc25a38 1.70x10-5 -2.100 
Erythrocyte differentiation, 
homeostasis, myelopoiesis 

[199] 

Hbb-b1 2.04x10-4 -2.10 Haematopoiesis - 

Klf11 2.48x10-4 -2.03 
Haematopoiesis, lymphopoiesis & 
immune development 

[200] 

Lmo2 2.05x10-6 -2.03 - [201-204] 

Bcl11a 4.54x10-5 -2.02 
Haematopoiesis, lymphopoiesis & 
immune development 

[105-108] 

Trim10 2.03x10-4 -2.00 Erythroid differentiation & homeostasis [205] 

Mfsd7b 5.22x10-4 +2.52 
Erythroid differentiation & 
homeostasis, Haematopoiesis, 
lymphopoiesis & immune development 

[206] 

Hbb-bh1 9.58x10-5 +3.68 - - 

 

As KLF1 is an important erythroid transcription factor, we would expect to find many 

genes involved in erythroid pathways affected, which was indeed the case. This gives us 

additional confidence in the microarray data. Some of the more interesting genes found in 

this list are discussion in Section 4.5. Next, we validated a number of the differentially 

expressed genes by qPCR, including the genes of the β-globin locus (Figure 4.7).  
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Figure 4.7. Validation of a subset of deregulated genes found in Klf1 microarrays. 
(A) embryonic εy-globin (B) embryonic βh1-globin (C) adult β-major-globin (D) adult 
β-minor-globin (E) Klf3 exon 4/5 (F) Klf1 1a (G) Klf3 1b (H) Runx1 (I) Bcl11a  
(J) Zbtb7a. Left-hand side plots show the average levels of transcripts assessed by 
qPCR in E13.5 litter-matched Klf1+/+, Klf1+/- and Klf1-/- foetal livers. Error bars 
represent standard error of the mean (n = 5 per genotype). Right-hand side plots show 
each individual sample, colour-coded by litter. All targets have been normalised to 18S 
rRNA levels, and are represented as arbitrary units. 

 

The fold-changes of genes that were found by qPCR validation were compared to the 
fold-change seen in the microarray analysis (Table 4.2). 
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Table 4.2. List of qPCR validated microarray genes. This table shows the 
fold-change of each gene validated by qPCR, their P value and their fold change found 
by microarray analysis.   

Gene Name P-value 
Fold-change by 

Microarray 
Fold-change 
by RT-PCR 

Hbb-y 3.87E-01 +1.08 +1.8 

Hbb-bh1 1.87E-04 +3.70 +6 

Hbb-b1 7.59E-05 -2.15 -60 

Hbb-b2 4.37E-05 -2.13 -50 
Klf34/5 
Klf3 1a 
Klf3 1b 

8.84E-06 
- 
- 

-5.96 
- 
- 

-7 
-5 
-12 

Runx1 1.57E-04 +1.51 +2.8 

Bcl11a 9.42E-05 -2 -2.4 

Zbtb7a 1.57E-04 -2.13 -1.8 
 

This comparison illustrates that results found by microarray and qPCR were, by and large, 

comparable. However, the example highlighted by Klf3 demonstrates how the full scale of 

deregulation can be masked in both of these methods when looking at various parts if the 

transcript. We have previously described that Klf3 has both a ubiquitous promoter and an 

erythroid-specific promoter, which is regulated by KLF1, (promoters termed 1a and 1b 

respectively). These transcripts are both located upstream of the translational start site in the 

5’UTR region of the gene [94]. The microarray probe sets for Klf3 lay downstream of the 

translational start site. In order to look at the expression level of both transcripts and validate 

the microarrays, we used primers that span the exon 4 and 5 boundary, seen in Figure 4.5 E, 

labelled as Klf3 exon4/5. Here, a similar fold-change between the qPCR and microarray 

analysis was found. However, when the differentially expressed transcripts, 1a and 1b, were 

investigated individually, it was found that the erythroid transcript 1b is significantly more 

down-regulated in the Klf1-/-. This is expected as it is known that this transcript in particular 

is regulated by KLF1. From this it can be seen how the true scale of up- or down-regulation 

of particular transcripts which are differentially expressed in tissues may be masked in both 

microarrays and qPCR analyses. 

Two other genes which showed a greater degree of down-regulation in the qPCR analysis 

were β-major and β-minor. The reason for this discrepancy is unclear. It may be due to a 

similar explanation as that provided for Klf3, where the probe sets recognised the entire gene 

and our primers lay in a region which was more differentially expressed in the absence of 

Klf1, although there is no particular evidence to support this theory. Another reason may be 

that these two genes are very highly expressed, and were readily detected even in the Klf1-/- 



 

73 
 

foetal liver samples by qPCR (see Appendix II for primary amplification plots). It may be 

that the expression level is simply too high for an accurate fold change, and that these genes 

are expressed at the upper-limit of microarray detection. 

Importantly for this thesis, Zbtb7a was found to be down-regulated to a similar level in 

both the microarrays and the qPCR analysis. The difference between the Klf1+/+ and Klf1-/- 

genotypes is similar to what has been described before [87], and is relatively small. 

Microarray probe sets for Zbtb7a again are found across the entire gene, and our primers are 

specific to sites in exon 2. It is possible that greater down-regulation would be seen in more 

specific areas of the transcript, such as the 5’UTR, due to the differential expression of 

unknown variants not being detected in these experiments. This will be further investigated in 

Chapter 5. 

Our microarray analysis adds yet more evidence to the hypothesis that Zbtb7a is a target of 

KLF1, as it has now been found in a number of Klf1 microarrays, but the question still 

remains of whether or not Zbtb7a is directly activated by KLF1. This will be examined in the 

following sections. 

 ZBTB7A is up-regulated in response to KLF1 in tamoxifen-induced 4.3

K1ER cells 

The KLF1 Oestrogen Receptor Inducible cell line (K1ER) was engineered by 

immortalising E14.5 Klf1 null foetal liver erythroblasts with the J2 retrovirus [142]. These 

cells were subsequently rescued by stable transfection of a transgene encoding Klf1 fused to 

the ligand binding domain of the oestrogen receptor (KLF1-ER). KLF1-ER is constitutively 

expressed in these cells, and interactions between the oestrogen receptor (ER) and heat shock 

proteins such as HSP90, sequester KLF1 in the cytoplasm [207]. Treating these cells with the 

synthetic ligand 4-hydroxytamoxifen (hereafter, tamoxifen) results in dissociation of 

KLF1-ER from the heat shock protein complex and translocation into the nucleus where it is 

able to activate its target genes [142]. A mutant form of the ER has been used in this system, 

ensuring that KLF1-ER responds only to tamoxifen and not oestrogen, sometimes present in 

cell culture medium [207]. Induction of KLF1-ER by tamoxifen causes these cells to 

terminally differentiate. They significantly up-regulate the adult β-major globin, form 

haemoglobin and display reduced proliferation [142]. The K1ER system represents a good 

model for the study of Klf1-induced genes, and has been used to emphasise the importance of 

KLF1 in the late stages of definitive erythropoiesis. As such, K1ER cells have been used to 

validate several putative Klf1 target genes, including Ahsp, dematin and Klf3 [87, 94, 189]. 
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Lastly, the K1ER cells harbour a YAC containing the entire human β-like globin gene locus, 

which enables the use of these cells in the study of human β-like globin gene regulation. 

Microarrays have also previously been performed on these cells, comparing un-induced to 

induced, and found that Zbtb7a is up-regulated in induced cells in response to KLF1-ER [87]. 

Again, we sought to validate this result and looked at transcript levels of Zbtb7a in 

un-induced cells treated with EtOH, and induced cells treated with tamoxifen at for 48 hours 

by qPCR. Klf3 1b transcript levels were used as a control to validate whether the induction 

was successful as this is an established KLF1 target [94] (Figure 4.8). Klf3 1b expression 

increased dramatically at 48 hours compared to the EtOH treated control, indicating that the 

induction was successful. Zbtb7a transcript levels showed a 4-fold increase upon induction. 

This level is comparable to what is seen in the foetal liver at both E13.5 and E14.5. 

 

Figure 4.8. Up-regulation of Klf3 1b and Zbtb7a mRNA by KLF1-ER at 48 hours 
post-induction with tamoxifen. Cells were treated with 200 nM tamoxifen, or 0.02% 
EtOH for control cells, for 48 hours and RNA was extracted. Klf3 1b and Zbtb7a 
mRNA levels were determined by qPCR and have been normalised to 18S rRNA. Error 
bars represent standard error of the mean (n = 6 per condition). *, P < 0.05 (paired 
Student’s t test, compared Control to 48 hours). 

 

We also performed a time-course of induction in these cells to further investigate this 

relationship, looking at 0, 2, 4, 6, 8, 24 and 48 hours. The induction was successful, as the 

cells turned red at 24 hours compared to the EtOH treated controls, indicating the production 

of haemoglobin in these cells (Figure 4.9 A). Klf3 1b expression was strongly induced, also 

demonstrating successful induction of these cells (Figure 4.9 B).  
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Figure 4.9. Successful K1ER tamoxifen induction time course. (A) K1ER cells 
treated with 0.02% EtOH or 200 nM tamoxifen shown 24 and 48 hours post-induction. 
(B) mRNA was extracted from these cells and Klf3 1b transcript levels were assessed 
by qPCR. Transcript levels were normalised to 18S rRNA. Error bars represent 
standard error of the mean (n = 2 per condition).*, P < 0.05 (paired Student’s t test, 
compared 0 hour time point to 24 and 48 hours). 

 

We found that both Zbtb7a transcript (A) and protein levels (B) were up-regulated during 

the time course (Figure 4.9). Interestingly, we found the largest up-regulation of Zbtb7a 

transcript levels was at 2 hours post-induction, which then rapidly decreased again at the 4 

hour time point to roughly 2-fold above the level at 0 hours. This was maintained until the 

final time point of 48 hours post-induction. The protein level followed a similar pattern; 

however the peak of the increase lagged behind the transcript time points. 
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Figure 4.10. Zbtb7a is up-regulated upon induction of K1ER cells at both the 
transcript and protein level. (A) Zbtb7a levels were assessed by qPCR, and were 
normalised to 18S rRNA. Error bars represent standard error of the mean (n = 2 per 
condition).*, P < 0.05 (paired Student’s t test, compared 0 hour to 2 hour time point). 
(B) Nuclear extracts were prepared from mock-transfected Cos cells (lane 1), and Cos 
cells overexpressing ZBTB7A (lane 2), as well as K1ER cells at 0, 2, 4, 6, 8, 24 and 48 
hours post-induction with 200 nM tamoxifen (lane 3-9) and K1ER cells at 24 and 48 
hours post-treatment with 0.02% EtOH (lane 10 and 11). Blots were probed with 
αZBTB7A and β-Actin was used as a loading control.  The top panel of the blot shows 
KLF1 overexpressed in Cos cells in lane 2, and KLF1-ER in lanes 3-11. As KLF1-ER is 
fused to the oestrogen receptor, it runs higher in the gel that endogenous KLF1.   

 

As the increase in Zbtb7a was seen so shortly after induction, we decided to tease out the 

early time points in a shorter time course to determine how quickly Zbtb7a is targeted by 

KLF1-ER (Figure 4.11). Klf3 1b transcript levels had increased dramatically by 48 hours, 

again indicating successful induction of KLF1-ER in this time course. Interestingly, while the 
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levels of Klf3 1b showed a small increase early on, it was not until the later time point of 4 

hours that the levels of this transcript began to significantly increase. Zbtb7a levels however, 

showed a statistically significant increase as early as 30 minutes post-induction, and peaked 

at around 1-3 hours, after which they gradually began to fall to a final fold change of 2 at the 

48 hour time point compared to 0 hours. 

 

Figure 4.11. Transcript levels of Klf3 1b and Zbtb7a are up-regulated upon 
induction of K1ER cells compared to controls. Total RNA was extracted from, 
K1ER cells 0, 15 min, 30 min and 1, 2, 3, 4 and 48 h post induction with 200 nM 
tamoxifen. qPCR was used to determine mRNA levels of both Klf3 1b (A) and Zbtb7a 
(B). Transcript levels have been normalised to 18S rRNA. Errors bars represent 
standard error of the mean (n = 4). *, P < 0.05 (paired Student’s t test, compared other 
time points to the 0 hour time point). 

 

In the K1ER cell line, the KLF1-ER protein is constitutively expressed and is sequestered 

in the cytoplasm in the absence of tamoxifen. We were therefore able to exploit this 

constitutive expression by using the translation inhibitor cycloheximide to examine whether 

KLF1-ER directly or indirectly activates transcription of Zbtb7a. If KLF1-ER indirectly 
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activates Zbtb7a expression, for example, through up-regulation of other intermediary 

transcription factors, then an increase in Zbtb7a mRNA should not be observed when K1ER 

cells are induced in the presence of cycloheximide. In contrast, if KLF1-ER directly activates 

transcription of the Zbtb7a gene, then this would be observed in induced K1ER cells even in 

the presence of cycloheximide because no de novo protein synthesis would be required. 

K1ER cells were exposed to cycloheximide (5 μg/mL) 30 minutes prior to induction with 

tamoxifen (200 nM), or ethanol (0.02% v/v) as a negative control. Total RNA was harvested 

from the cells every 2 hours to a maximum of 6 hours following induction, rather than 48 

hours, due to the cytotoxicity of cycloheximide. Zbtb7a transcripts were indeed up-regulated 

to similar levels as previously seen during induction in the presence of cycloheximide (Figure 

4.12). This suggests that KLF1-ER directly activates the Zbtb7a gene as no de novo protein 

synthesis was required for its activation. 

 

Figure 4.12. Zbtb7a is likely to be directly activated by KLF1-ER. K1ER cells were 
treated with 5 μg/mL. cycloheximide alone, 200 nM tamoxifen alone, and 5 μg/mL 
cycloheximide followed 30 minutes later by 200 nM tamoxifen, and were harvested at 
0, 2, 4, and 6 hours after post-treatment. Zbtb7a mRNA levels were determined by 
qPCR and have been normalised to 18S rRNA levels. Error bars represent the standard 
error of the mean (n = 4 for each treatment).  

 

 KLF1 is found at the promoter region of Zbtb7a in vivo  4.4

So far in this chapter, we have presented evidence to suggest that Zbtb7a is a direct target 

of KLF1. We next sought to determine whether KLF1 is able to bind to the promoter of 

Zbtb7a, or regulatory regions near this locus which may directly interact with proximal 

regulatory elements through mechanisms such a chromosomal looping. A number of KLF1 
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ChIP-Seq experiments have been published in human and mouse cells. These datasets were 

downloaded from NCBI gene expression omnibus (GEO) (mouse dataset Accession number: 

GSE20478 [84]; Human dataset accession number: GSE43626 [85]). Files were visualised 

using the Integrative Genomics Viewer (IGV v2.3) [156], and sequencing tags at genomic 

locations of interest surrounding the Zbtb7a locus were explored, shown in Figure 4.13 and 

Figure 4.14.  

 KLF1 binds the promoter of Zbtb7a in mouse 4.4.1

The published KLF1 ChIP-Seq performed in induced K1ER cells showed that KLF1 is 

enriched at various regions of the Zbtb7a locus [84] (Figure 4.13 A). A small peak is seen 

slightly upstream of the promoter, and there are peaks present in the intronic regions of the 

gene as well. The areas high-lighted in red were used to design probes for ChIP-qPCR 

analysis performed in our lab to validate these results.  

We performed KLF1 ChIP-qPCR experiments using un-induced K1ER cells, and 

compared these to cells harvested at 2 and 8 hours post-induction (Figure 4.13 B). IgG IPs 

were also performed in these samples to establish a background level of DNA pull-down. In 

this experiment, positive regions of KLF1 occupancy were the Klf3 1b promoter and the 

promoter of the adult mouse β-major gene, Negative controls were 10 kb upstream of the 

Klf3 1b promoter, as well as regions surrounding the Zbtb7a gene, namely at +5.3 and +6.9 

kb, and -7.7 kb from the Zbtb7a TSS. As these cells also express a YAC containing the 

human β-globin locus, we were also able to use the human adult β-globin promoter as a 

positive control and the embryonic ε-globin promoter as a negative control. The un-induced 

K1ER cells (0 hours) showed no enrichment of KLF1 at any of the loci tested, as no KLF1 

was present in the nucleus of these cells. This also served as a good negative control and 

further defined background levels. We saw enrichment of KLF1 at the positive control 

regions of the Klf3 1b promoter, as well as both the human and mouse adult β-globin 

promoters. The negative regions showed little enrichment above the background levels 

defined by the 0 hour and IgG samples. We found significant enrichment of KLF1 in the first 

intron of Zbtb7a, as well as enrichment at the promoter region, but to a lesser extent. These 

results validate the published ChIP-Seq findings and verify that KLF1 binds to the Zbtb7a 

promoter in a mouse cell model. Interestingly, there was little difference in enrichment 

between the 2 and 8 hour time points, even though by 8 hours the expression levels of Zbtb7a 

have decreased substantially compared to the 2 hour time point. 
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Figure 4.13. KLF1 ChIP-Seq tracks in mouse K1ER cells. (A) Data were sourced 
from NCBI gene expression omnibus (GEO). The raw sequencing reads from these 
datasets were processed using the ChIP-seq pipeline described in Chapter 2 to make 
bedgraph files for visualisation in IGV and to quantify sequencing tags at genomic 
locations of interest. Accession number: GSE20478 [84]. (B) ChIP-qPCR analysis of 
the relative enrichment of KLF1 at various genomic loci in K1ER cells. The tested 
genomic loci include the Zbtb7a proximal promoter and first intron, as well as negative 
areas at 6.9kb upstream of the TSS and 7.7 kb downstream. Other positive controls 
include the mouse β-major globin gene (Hbb-b1) promoter, the human adult β-globin 
gene promoter, and the Klf3 1b promoter region and negative regions of 10kb upstream 
of the Klf3 TSS and the ε-globin promoter. 

 

 KLF1 binds the promoter of ZBTB7A in human erythroid cells 4.4.1

The published human KLF1 ChIP-Seq experiments were performed using the human 

erythro-leukaemia cell line, K562 (Figure 4.14 A). It is useful to note that in the human, the 

ZBTB7A gene is on the anti-sense strand, and hence runs in the opposite direction in this 

figure. The pattern of KLF1 occupancy in humans is similar to that which was seen in the 

mouse, with a small peak at the promoter of ZBTB7A and a few peaks in intronic regions. The 

human ChIP-Seq also showed enrichment at two regions far upstream of the TSS, at around 

+8.2- and +15.4 kb respectively, which may be potential enhancer sites. The red highlighted 
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areas again indicate the regions used for probe design. These probes were then used to 

analyse our own KLF1 ChIP experiments by qPCR, seen in Figure 4.14 B.  

We tested the occupancy of KLF1 at the ZBTB7A promoter in K562 cells by ChIP-qPCR. 

These results generally validated the published ChIP-Seq findings, however some 

discrepancies were found. Our ChIP-qPCR demonstrated that KLF1 was highly enriched at 

the promoter and both of the peaks of intron 1 of ZBTB7A, identified from the published 

ChIP-Seq. The two upstream enhancer peaks seen in the ChIP-Seq experiment showed little 

enrichment in our ChIP-qPCR experiments. There was no enrichment at the negative control, 

the embryonic ε-globin promoter, but also no enrichment seen at the adult β-globin promoter, 

which is a typical positive control for KLF1. This may be due to the fact that these cells are 

not currently expressing high levels of the adult β-globin gene as they are more foetal in 

nature [167].  
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Figure 4.14. KLF1 ChIP-Seq tracks in human K562 cells. (A) Data were sourced 
from NCBI gene expression omnibus (GEO). The raw sequencing reads from these 
datasets were processed using the ChIP-Seq pipeline described in Chapter 2 to make 
bedgraph files for visualisation in IGV and to quantify sequencing tags at genomic 
locations of interest. Accession number: GSE43626 [85]. (B) ChIP-qPCR analysis of 
the relative enrichment of KLF1 at various genomic loci in K562 cells. The tested 
genomic loci include the Zbtb7a proximal promoter and the first intron, as well as 
negative areas at 8.2kb and 15.4kb upstream of the TSS. Other negative controls 
include the human adult β-globin gene promoter, and the embryonic ε-globin promoter, 
neither of which are expressed in this cell line. 
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 Chapter 4 Discussion 4.5

In this chapter we have demonstrated that Zbtb7a expression is directly regulated by the 

master erythroid regulator, KLF1. It had previously been suggested that KLF1 activates 

Zbtb7a, as it has been shown to be down-regulated in the absence of KLF1 in Klf1-/- mouse 

experiments, as well as up-regulated when KLF1 is introduced into the nucleus in the KLF1 

inducible cell line, K1ER [87]. However, it was not previously known whether KLF1 directly 

regulates Zbtb7a, or whether it is indirectly regulated by another KLF1 target gene. We have 

validated the results found in microarrays performed in both E14.5 foetal livers of Klf1+/+ and 

Klf1 null embryos, as well as induced and un-induced K1ER cells, performed by the Perkins 

lab [87], and we have investigated this relationship further to demonstrate that Zbtb7a is a 

bona fide direct target of KLF1. This further emphasises the importance of Zbtb7a as a 

transcriptional repressor in erythroid cells. 

The majority of deregulated genes found in our microarray analysis were down-regulated 

in the Klf1-/- samples, consistent with KLF1’s role as a potent activator. KLF1 has been 

shown be capable of acting as a repressor under certain conditions [80, 208, 209], and it may 

therefore be possible that some of the genes with increased expression in the absence of 

KLF1 may well be direct targets of this protein. However, as KLF1 acts predominantly as an 

activator, it is more likely that the majority of these are indirect targets, regulated instead by 

other repressive transcription factors which KLF1 directly activates. It should also be noted 

that some of the differentially expressed genes are likely to be a result of the phenotype, 

rather than as a direct effect of the loss of KLF1. For instance, some genes may be sensitive 

to hypoxia, and may be altered as a result of the anaemia seen in these animals.  

As KLF1 is important in many aspects of erythroid biology, we would expect to see many 

erythroid genes differentially expressed in the Klf1-/- samples, which is indeed the case. Some 

of the more interesting genes involved in these cells found to be differentially expressed are 

discussed below.  

The most highly down-regulated gene on the list was found to be Ahsp (α-haemaglobin 

stabilising protein). This is an erythroid-specific protein that forms a stable complex with free 

α-globin peptide chains, which protects cells from the oxidative effects of the precipitation of 

free α-globin chains in the cytoplasm [188]. It is critical in preventing reticulocytosis, a 

common symptom of anaemia, and ensuring the normal maturation of erythrocytes. 

Sox6 was also down-regulated in the absence of KLF1. As discussed in Chapter 1, SOX6 

is involved in looping interactions between BCL11A and regions of the β-globin locus, 
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resulting in the silencing of foetal γ-globin and [120]. It also plays a role in the silencing of 

the embryonic εy-globin in mouse [118, 119]. Sox6 has been found to be important in 

erythroid development and survival, as Sox6-/- mice display delayed development of 

erythrocytes, which are often misshapen and have a shortened life-span [190]. Sox6 has not 

previously been reported as a KLF1 target gene. Bcl11a also appears on this list, however its 

fold change is much less than that of Sox6 [105-107, 112, 120]. Bcl11a is a reported KLF1 

target [112, 185], and its role in erythropoiesis has already been extensively discussed in this 

thesis.  

Klf3 was also found to be down-regulated in the absence of Klf1. Our lab has studied this 

gene and its involvement in erythropoiesis quite extensively [91, 104]. These mice have been 

found to have a compensated anaemia, where they displayed decreased mean cell 

haemoglobin, but had increased numbers of erythrocytes to compensate for this defect. Their 

erythrocytes also had a reduced life-span in circulation. Klf3 shares many of the same targets 

as Klf1, so it may also be regulating erythroid genes which play a role in cell stability and 

survival [91, 104, 166]. Together with Klf8, Klf3 may have a role in regulating globin gene 

expression [104]. We have also found the Klf3 has a role in lymphopoiesis through the 

regulation of Marginal Zone B cells in the spleen [191]. 

Lmo2 was not found annotated in DAVID as a gene involved in haematopoietic pathways, 

but its role in erythropoiesis is well established. This protein is a non-DNA-binding 

component of a protein complex composed of multiple master regulators of erythropoiesis, 

including GATA-1, SCL/TAL1 and LDB1. Knock-down of Lmo2 in human K562 cell lines 

showed reduced chromatin occupancy of these transcription factors at their target genes 

[204]. [49]. Lmo2-/- mouse embryos had a complete lack of erythropoiesis in the yolk sac, 

which results in early embryonic lethality [201]. Erythroid differentiation has also been 

shown to be blocked in embryonic stem cells lacking Lmo2 [201, 202]. Previous microarrays 

have also found Lmo2 to be down-regulated in the absence of Klf1 [87]. 

Klf1 also appears on this list, but somewhat counterintuitively, it is only down-regulated 

2.5-fold in the Klf1-/-. This has to do with how the mouse was originally generated, where a 

neomycin resistance cassette was inserted into the Klf1 gene to replace a portion of the zinc 

fingers of the protein found at the C-terminus, and thereby abolish its DNA-binding capacity 

[90]. For this reason, parts of the gene are still transcribed. This microarray utilises 25 probes 

covering the Klf1 transcript. As the DNA-binding zinc fingers of KLF1 are highly 

homologous to other members of the family, it is likely that most of these probes are found in 

regions that are unique to Klf1, predominantly the N-terminus of the transcript. This portion 
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of the transcript is still transcribed in the Klf1-/- mice, and thus, the down-regulation seen in 

these animals is either due to the fact that some probe sets are found in regions that are not 

transcribed in the Klf1-/- samples, or simply due to the fact that KLF1 regulates itself.  

Interestingly, the adult β-globin gene β-major is not the most differentially expressed 

gene, or even in the top 100, even though this is one of KLF1’s most well-known target 

genes, and one of the major reasons of embryonic lethality of the Klf1 knockout [82, 86]. 

Also interesting to note, the embryonic globin βh1 is up-regulated in the absence of Klf1. 

This is likely due to the fact KLF1 is no longer able to activate repressors of βh1, such as 

Bcl11a [110], and potentially Zbtb7a [138].  

Zbtb7a was also found to be down-regulated in the Klf1-/- samples. Interestingly, the 

down-regulation seen at this gene was found to be greater than that of either β-major or 

Bcl11a, both of which have been shown to be directly activated by KLF1. We have already 

discussed evidence that Zbtb7a plays a role erythropoiesis in this thesis, using our own data 

(Chapter 3) and that of others [137, 138, 164]. It is interesting to note that the qPCR 

validation of the microarray results indicated that the magnitude of differences between 

Klf1+/+ and Klf1-/- samples at E13.5 was less than that seen at E14.5. There are two possible 

explanations for this. Firstly, as these Klf1 null embryos have already succumbed to anaemia 

at this time point, it is possible that the RNA species as a whole have degraded more in these 

samples. Another possibility is by E14.5, the up-regulation of Zbtb7a is further increased in 

the Klf1+/+ samples. The effect is likely due, in part, to both of these factors. Finally, while 

Zbtb7a expression was found to be decreased in the Klf1-/- samples at both E13.5 and E14.5, 

the transcript was still present at detectable levels. This may be due to the fact that it is also 

regulated by GATA1 [137], but may also be due to other KLF proteins, such as KLF2 which 

is closely related to KLF1 [96], that can potentially compensate for the loss of KLF1 at some 

target genes. 

The DAVID analysis also identified genes involved in other haematopoietic pathways. 

Klf1 was long believed to be exclusively expressed in erythroid cells. In the last ten years, 

however, there has been evidence to suggest Klf1 is expressed in macrophages, and regulates 

the expression of an important factor in the activation of innate immunity and development 

of Th1 responses, namely IL-12 p40, suggestive of a role in inflammation pathways [81]. It 

has also been found to play a role in megakaryopoiesis [210]. As the foetal liver represents a 

mixed population of haematopoietic cells, this data may give useful insights into the function 

of Klf1 in other cell types. The non-erythroid genes identified here may be evidence of other 

roles of Klf1 in the haematopoietic system. For instance, Zbtb32, also known as Plzp and 
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Rog, appears to be involved in various branches of lymphopoiesis. Deregulation has been 

shown to lead to increased T cell proliferation [192], as well as appearing to de-sensitise T 

cells against activation [193]. It has also been shown to play a role in the increased 

production of natural killer cells in response to viral infection [194]. While expanding the 

role of Klf1 in haematopoiesis is interesting, the relevance of these genes to this thesis is 

limited, and will not be discussed further. 

We also found Zbtb7a expression was up-regulated upon induction of the KLF1-inducible 

cell line, K1ER. This happened soon after induction at around 2 hours, suggesting KLF1-ER 

activates this gene directly, as it is unlikely that enough time had elapsed to both transcribe 

and translate a downstream activator driven by KLF1. The up-regulation of Zbtb7a was found 

to be short-lived, and transcript levels began to decrease shortly after induction. This may 

have been due to the regulation of transcript levels through mechanisms of mRNA 

degradation, such as previously reported microRNAs [211], or potentially by KLF1 

activating a repressor of Zbtb7a which out-competes KLF1 and down-regulates Zbtb7a. This 

repressor may even be ZBTB7A itself as we found ZBTB7A binds to its own promoter in 

ZBTB7A ChIP-Seq experiments (Figure 3.14). We also showed that Zbtb7a was up-regulated 

even in the presence of the translation inhibitor cycloheximide, which provides good 

evidence that it is a direct target of KLF1-ER in these cells. If it were an indirect target of 

KLF1-ER, Zbtb7a expression would not be up-regulated, as de novo protein synthesis would 

be required to translate the KLF1-ER target that activates Zbtb7a.  

KLF1 was found to bind at the promoter of ZBTB7A in published ChIP-Seq experiments 

in both human and mouse cells, as well as in the first intron and upstream potential enhancer 

regions, which we validated by ChIP-qPCR experiments. We found enrichment of KLF1 at 

the proximal promoter in both humans and mice, as well as at the first intron.  It has 

previously been reported that KLF1 is found at the first intron of many of its target genes 

[84], so the finding that it binds in the first intron of ZBTB7A is again consistent with the 

view that ZBTB7A is a direct target of KLF1. The binding at the distal upstream region of 

ZBTB7A is potentially indicative of an enhancer region. This could be further explored using 

various techniques such as Chromatin Conformation Capture (3C), which is used to detected 

looping of this region back to the promoter of ZBTB7A, or by Chromatin Interaction Analysis 

by Paired-End Tag Sequencing (ChIA-PET), which is a high-throughput sequencing 

technique to determine genome-wide de novo long-range chromatin interactions. 

It is interesting to note that, in the experiments conducted here and previously, only a 

modest up-/down-regulation of Zbtb7a is seen in response to KLF1. As detectable levels of 
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Zbtb7a are still present in both Klf1-/- foetal livers and un-induced K1ER cells, this indicates 

other transcription factors may also be responsible for activating Zbtb7a. Previous research 

has shown that GATA-1, another master erythroid regulator, activates Zbtb7a [137]. Here a 

GATA-1 inducible cell line similar to K1ERs, called G1E cells, was used to show that 

Zbtb7a expression increases upon GATA-1 induction. However, Zbtb7a was found to 

increase at 12 hours post-induction, roughly the same time that Klf1 was also found to be 

up-regulated. As GATA-1 is known to activate the expression of Klf1 [212], and we know 

KLF1 acts quickly to up-regulate the expression of Zbtb7a, it may be that this gene is an 

indirect target of GATA-1, and under the direct regulation of KLF1. No cycloheximide 

experiments were performed in this paper, and hence it is not possible to definitively 

conclude whether or not KLF1 is needed for the expression of Zbtb7a. A ChIP-qPCR of 

GATA-1 was performed, and they find enrichment of GATA-1 at a region 400 bp upstream 

of the TSS of Zbtb7a. Given this, GATA-1 may be the primary activator of Zbtb7a, which 

would explain why Zbtb7a expression is high prior to activation by KLF1, and KLF1 may act 

to further up-regulate Zbtb7a. Or alternatively, GATA-1 and KLF1 work together in 

erythroid cells to activate Zbtb7a, as they do at many erythroid genes [84]. If this is the case, 

an additional non-erythroid regulator may be responsible for the ubiquitous expression of 

Zbtb7a. This is a likely scenario, given our data from Chapter 3, demonstrating Zbtb7a 

expression in non-erythroid tissues.  

This opens up the interesting possibility that Zbtb7a, like Klf3 and many other erythroid 

genes, has an erythroid-specific transcript. As our qPCR primers lie in exon 2 of this gene, 

we may well be missing the full scale of the up-regulation of Zbtb7a by KLF1 in erythroid 

cells. Chapter 5 discusses the prospect of an erythroid-specific transcript of Zbtb7a. 
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CHAPTER 5 –    AN ERYTHROID-SPECIFIC TRANSCRIPT 

OF ZBTB7A 

 Chapter 5 Introduction 5.1

Many genes have various transcripts which are differentially expressed in tissues. This 

dynamic regulation adds an additional dimension to the control of gene expression, as these 

transcripts can be differentially regulated by tissue-specific transcription factors. Erythroid 

tissues are a good example of this phenomenon as there are a number of genes which have 

erythroid-specific transcripts, some of which have already been discussed in this thesis.  The 

expression of erythroid-specific transcripts from a number of genes is regulated by the 

erythroid master regulators, KLF1 and GATA-1. Some transcripts give rise to novel proteins, 

as is the case with porphobilinogen deaminase (PBGD), mentioned in Chapter 1, which is 

regulated by a housekeeping promoter, active in many tissues, as well as an erythroid-specific 

promoter [8]. This erythroid-specific promoter induces expression of a different isoform of 

the PBGD protein, with unique functions in erythroid cells. There are also many cases where 

the tissue-specific transcripts will produce the same final protein but where the 

erythroid-specific promoter allows fine-tuning of expression level in erythroid cells only. One 

example, driven by GATA-1, is Uroporphyrinogen-III (URO) synthase, a haeme-biosynthetic 

enzyme. This gene has been found to possess two promoters, one a house-keeping promoter 

active in many tissues, and the other active only in erythroid cells and driven by GATA-1. 

Another example we have previously discussed in detail is Klf3. This gene has a ubiquitous 

promoter, 1a, and an erythroid-specific promoter, 1b, which is driven by KLF1 in erythroid 

cells, and again, both transcripts give rise to the same protein [94].  

We hypothesised that Zbtb7a may also possess an erythroid-specific transcript. It has 

previously been reported that its expression is driven by GATA-1 in the inducible cell line, 

G1E [137], although transcript is present even in the absence of any GATA-1 in these cells. 

We have shown here that it is also driven by KLF1 in the inducible cell line, K1ER, although 

again, its expression was detected prior to induction. We have also detected expression of 

Zbtb7a in non-erythroid tissues of the mouse and in un-induced primary human CD34+ 

HSCs. From Western blots performed in the lab, we have seen no evidence of a novel protein 

isoform, so we hypothesised this potential erythroid-specific transcript will give rise to the 

same protein as the ubiquitous transcript. The ubiquitous transcript for ZBTB7A in both mice 

and humans is composed of three exons. The translation initiation codon (ATG) lies within 

the first few bases of the second exon for both species. We therefore hypothesised that any 
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differential erythroid-specific exons will lie upstream of exon 2, in what is currently 

annotated as the 5’UTR.  

In this chapter, we investigated the potential of an erythroid-specific start point of 

transcription by analysing data from the Functional Annotation of the Mammalian Genome 

(FANTOM5) Semantic catalogue of Samples, Transcription initiation And Regulators 

(SSTAR) database. The FANTOM5 consortium used Cap Analysis of Gene Expression 

(CAGE) to map TSSs across a wide collection of samples from 975 human and 399 mouse 

tissues, primary cells and cell lines, and used this to create a comprehensive expression atlas 

of all the actively expressed genes [213, 214]. Their findings suggest that true 

“housekeeping” genes are not as common as is widely believed, but rather that there are a 

number of composite TSSs at the start of a gene, which cluster together and show 

independent cell-type-specific profiles [213]. This data also serves as a valuable bank of 

transcript-specific information across human and mouse tissues. CAGE works by capturing 

tags, which are nucleotide sequences roughly 30 bp in length, from the 5’ end of all mRNA 

transcripts present. These tags are then sequenced and aligned to the genome to essentially 

form peaks over the areas with the greatest numbers of tags. This allows one to determine the 

various start points of transcription of all the transcribed genes in the cell. This method, 

however, does not give any indication of the length of the first exon, or alternative splicing 

that may be occurring in the 5’UTR. We therefore only used this data as an indication of the 

presence of an erythroid-specific TSS, and employed 5’ Rapid Amplification of cDNA Ends 

(RACE) to determine the exact structure of these possible erythroid-specific transcript 

variants. For this analysis we used the K1ER cell line and erythroid cells derived from 

primary human HSCs from both foetal and adult sources. 

 A conserved erythroid-specific ZBTB7a promoter in human and 5.2

mouse 

The promoter region of the Zbtb7a gene has previously been investigated [137]. Here they 

found the presence of two CACCC- and two GATA- boxes, conserved in both humans and 

mice. These are consensus binding sites for the erythroid factors KLF1 and GATA-1, among 

others. The region described in this paper was found to lie directly adjacent to the start of 

exon 1 in the mouse, and aligns to a region which is roughly 270 bp upstream of the first 

exon of ZBTB7A in humans. We hypothesised that this is a potential erythroid-specific 

promoter, and activation by either KLF1 or GATA-1, or potentially both factors together, 
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results in the expression of an erythroid-specific transcript variant. We next sought further 

evidence for these transcripts in mouse and human cells. 

 A Zbtb7a transcript variant most highly expressed in foetal liver 5.3

We used the FANTOM5 SSTAR database to investigate whether Zbtb7a has a 

transcription start point which is enriched in mouse erythroid cells or tissues. In mice, seven 

different Zbtb7a TSSs are annotated, numbered in order of abundance of expression, shown 

across the tissues and cells investigated. The erythroid tissues included in the mouse were 

foetal liver at various developmental time points, which from around E14-E15 is a highly 

erythroid organ [46], as well as neonatal spleen at various time points. The magnitude of 

expression in particular tissues of the top five transcripts, labelled Zbtb7a p1-p5, have been 

arranged in order of expression according to Zbtb7a p5, which is most highly expressed in 

erythroid tissues (Figure 5.1). It is clear that the Zbtb7a p5 transcript is neither very highly, 

nor widely expressed, compared to other Zbtb7a transcripts. But it is the most highly 

expressed transcript in the foetal liver at E12, E14 and E15 of development and, as such, is a 

good candidate for an erythroid-specific transcript.  

 

Figure 5.1. Mouse Zbtb7a transcript variants and their expression levels in various 
human tissues, discovered from the FANTOM5 (Functional Annotation of the 
Mammalian Genome) SSTAR (Semantic catalogue of Samples, Transcription 
initiation And Regulators) Project. These variants have been found using Cap 
Analysis of Gene Expression (CAGE). Tissues have been arranged based on the values 
for variant Zbtb7a p5, which is most highly expressed at E15 in the foetal liver.  The 
y-axis here represents the relative expression levels, and along the x-axis are the various 
cell and tissue types.  The red box indicates the erythroid tissues where p5 transcript is 
the most highly expressed Zbtb7a transcript. 
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Table 5.1 lists the relative expression of each different isoform in the ten tissues with the 

greatest level of Zbtb7a p5 expression. The highest expression of this transcript is in foetal 

liver at E15, which is when the Zbtb7a-/- is embryonically lethal due to severe anaemia. The 

second highest expression level is in the foetal liver at E14, which is the tissue where we saw 

the highest expression of Zbtb7a in those we investigated in Chapter 3 (Figure 3.2). Out of 

the top ten tissues in which the p5 transcript is most highly expressed, seven of them are 

erythroid in nature, and one is megakaryocytic, which is closely related to the erythroid 

branch of haematopoiesis, and is also driven by GATA-1 [215]. The Zbtb7a p1 transcript is 

also highly expressed in these tissues, but from Figure 5.1, we can see that it is also the most 

ubiquitously expressed transcript. By E16, the p1 transcript has overtaken p5 in expression. 

This may be due to the fact that at around E16 is when the foetal liver is beginning to become 

more hepatic in nature [216]. We hypothesise that the p1 transcript is a ubiquitously 

expressed Zbtb7a transcript, whereas the p5 transcript may be erythroid-specific. 

Table 5.1. The various Zbtb7a transcripts expressed in mouse cell and tissue types, 
from the FANTOM5 (Functional Annotation of the Mammalian Genome) SSTAR 
(Semantic catalogue of Samples, Transcription initiation And Regulators) 
database. The tissues have been arranged according to expression levels of the Zbtb7a 
p5 transcript, most highly expressed in erythroid-type tissues in the mouse. The 
numbers represent the expression levels of each isoform relative to a housekeeping 
gene. 

Sample Zbtb7a p5 Zbtb7a p1 Zbtb7a p2 Zbtb7a p3 Zbtb7a p4 

Foetal liver, E15 23.13 23.12 1.83 1.62 2.03 

Foetal liver, E14 22.26 19.79 2.52 1.80 2.92 

Foetal liver, E12 19.35 16.68 0.67 1.17 0.50 

Foetal liver, E16 18.81 20.98 2.89 2.89 2.89 

Foetal liver, E13 17.10 18.87 1.97 1.57 0.59 

CD41+ megakaryocyte 12.59 32.18 2.80 0.70 2.80 

Spleen, neonate N10 7.35 24.11 1.32 1.88 2.07 

Foetal liver, E17 6.87 14.51 3.56 2.29 1.78 

CD326+ enterocyte 6.63 62.12 53.74 6.63 9.07 

Intestine, neonate N6 6.53 23.88 8.29 0.50 3.52 
 

The TSS for the Zbtb7a p5 transcript identified in the FANTOM5 database lies 48 bp 

upstream of the first exon. This can be seen below in Figure 5.2 A. 

 5’ RACE design 5.3.1

In order to investigate the presence of an erythroid-specific transcript in more detail, we 

performed 5’RACE using un-induced and induced K1ER cells. We chose the time point of 2 
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hours post-induction as this is when we found the highest expression of the Zbtb7a transcript 

(as determined by qPCR with primers to exon 2) (Figure 4.10). As Zbtb7a has a GC rich first 

exon and GC rich regions are challenging to amplify by PCR, we designed 6 reverse primers 

in exon 2 to maximise our chances of success. Each successive primer was located further 

downstream of the annotated TSS and thus resulted in the amplification of a larger product. 

This sequential approach maximises the likelihood of the Zbtb7a being the only product to be 

amplified. If a non-specific product was being generated, it is unlikely that each primer would 

be found to amplify it. Following the manufacturer instructions for this 5’RACE kit, these 

primers were designed with melting temperatures above 70°C. During the synthesis of 

5’RACE ready cDNA from the whole RNA extracts, a 5’ cap is attached to each transcript, 

which provides a sequence for the binding of a generic forward primer provided by the kit. 

Below is a schematic of the genomic DNA of Zbtb7a (Figure 5.2 A), as well as the RefSeq 

cDNA transcript from NCBI (NM_010731.3) (Figure 5.2 B), each composed of three exons, 

and indicating the translation start site, and 5’ and 3’ UTRs. The figure also indicates the start 

point of transcription, identified in the FANTOM5 database, of the hypothesised 

erythroid-specific transcript (p5) of Zbtb7a. This start point is located 48 bp upstream of the 

annotated TSS. The asterisk denotes the site of the erythroid-specific promoter [137] (Figure 

5.2 A), which in the case of the mouse is adjacent to the annotated TSS. The reverse primers 

for the 5’RACE are shown lying in exon 2 (Figure 5.2 B).  
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Figure 5.2. 5’RACE primer design for amplifying the 5’ end of the mouse Zbtb7a 
transcript. 5’RACE was performed according to instructions in the kit. cDNA is 
produced from RNA with a 5’ cap recognised by forward primers supplied by Clontech. 
Gene specific reverse primers were designed lying in Exon 2 to amplify potential 
transcript variants. (A) Genomic sequence of Zbtb7a showing exons 1-3 and intergenic 
regions, 5’- and 3’ UTRs and the start point of translation, marked with ATG. Asterisk 
indicates the erythroid-specific promoter. (B) RefSeq cDNA sequence of Zbtb7a 
(NM_010731.3) showing exons and start point of translation, and each individual 
5’RACE primer, labelled 1-6. 

 

 5’RACE Results 5.3.2

PCRs of un-induced and 2 hour induced K1ER cell cDNA samples were set up with the 

generic forward primer from the kit in each sample, and each individual reverse primer. The 

PCR products were run on an agarose gel (Figure 5.3). For each primer the induced samples 

displayed a unique band, but primers 2, 3 and 4 worked particularly well. The un-induced 

samples often showed two bands, indicative of two transcripts. The bands for the induced 

samples were more pronounced, suggesting it may be made up of a few different length 

fragments. It appeared that at least one of the fragments in the induced samples was of a 

similar size to the smaller band seen in the un-induced samples, and the larger band seen in 

the un-induced samples was not present in the induced samples. For the reactions where no 

bands were detected in the un-induced samples, there was still a band seen in the induced 

samples, indicating that there is a novel transcript being expressed in the presence of 

KLF1-ER, which is encouraging that this transcript may be erythroid-specific. 
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Figure 5.3. Induced K1ER cells express a different transcript of Zbtb7a. Whole 
mRNA was extracted from un-induced and induced K1ER cells and 5’RACE ready 
cDNA was made using the 5’RACE kit from Clontech. PCR reactions were set up with 
5’RACE ready cDNA and gene specific reverse primers which lie in exon 2 of Zbtb7a. 
Products were run of a 2% agarose gel. A 100 bp DNA ladder was used to estimate the 
sizes of the fragments. 

 

 5’RACE Sequencing 5.3.3

These products were sequenced and mapped to the Zbtb7a locus using the BLAT search 

tool on the UCSC Genome Browser [217, 218]. Some of the sequences were found not to be 

Zbtb7a, or to lie in unexpected regions of the gene, such as exon 3, or on the complementary 

strand, and these were discarded from further analysis. Most of the sequences appeared to 

have start sites that started in the first exon of the gene. The sequences that mapped to the 

Zbtb7a transcript are tabulated below in Table 5.2, which shows the sample type in column 

one, un-induced in grey and induced in red, and the base number of exon 1 that the sequence 

was found to start at in the second column. The third column groups the samples together 

based on their TSSs. 
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Table 5.2. Collated sequencing data from un-induced and induced K1ER 5’RACE 
samples. The first column indicates the sample type, the second is the start point of 
transcription found in the first exon, this is the number of base pairs downstream of the 
defined TSS, and the third column groups the samples together by their TSS. Grey rows 
indicated un-induced samples and red rows indicate induced samples. 

Sample TSS TSS Grouping 

K1ER Un-induced 95 

TSS 1 

K1ER Un-induced 99 
K1ER Un-induced 102 
K1ER Un-induced 103 
K1ER Un-induced 103 
K1ER Un-induced 103 
K1ER Un-induced 108 
K1ER Un-induced 108 
K1ER Un-induced 108 
K1ER Un-induced 109 
K1ER Un-induced 116 
K1ER Un-induced 134 

TSS 2 
K1ER Un-induced 142 

K1ER Induced 2 hours 154 
K1ER Induced 2 hours 234 

K1ER Un-induced 238 

TSS 3 

K1ER Un-induced 240 
K1ER Un-induced 240 

K1ER Induced 2 hours 240 
K1ER Induced 2 hours 240 
K1ER Induced 2 hours 240 
K1ER Induced 2 hours 240 
K1ER Induced 2 hours 240 
K1ER Induced 2 hours 241 
K1ER Induced 2 hours 240 
K1ER Induced 2 hours 240 
K1ER Induced 2 hours 240 
K1ER Induced 2 hours 240 
K1ER Induced 2 hours 241 
K1ER Induced 2 hours 277 

TSS 4 

K1ER Un-induced 277 
K1ER Un-induced 277 

K1ER Induced 2 hours 284 
K1ER Un-induced 286 

K1ER Induced 2 hours 289 
K1ER Un-induced 306 

TSS 5 K1ER Un-induced 314 
K1ER Un-induced 324 

 

There are five distinct groupings of start sites, but Groups 1 and 3 stand out, as the 

transcripts falling in these groups are largely divided by un-induced and induced samples 

respectively. Group 1 is found to start at around 103-108 bp downstream of the RefSeq TSS 
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in exon 1. All of the sequences with this start site were found to be from the un-induced 

samples. The start point of Group 3 was found to be further downstream in exon 1 at around 

240 bp downstream of the TSS. There were a few transcripts from the un-induced samples 

that also started here, but the overwhelming majority were from induced samples, suggesting 

that it is an erythroid-specific start site. Figure 5.4 depicts the various TSSs that were found 

from compiling the 5’RACE data. The red arrows indicate the induced samples, and the grey 

arrows the un-induced. The clustering of the transcript start point of the induced samples at 

the +240 site is clear. Interestingly, this does not correspond to the p5 TSS from FANTOM5 

that was highly expressed in the foetal liver of the mouse (Figure 5.1), which was found to lie 

48 bp upstream of exon 1. There are a number of reasons for why this might be the case, the 

primary one being that these are different cell types. While the foetal liver is predominantly 

erythroid at the time points investigated by FANTOM5, it still represents a mixed population 

of cells, and it is possible that the TSS identified is not erythroid-specific. However, the 

transcript we uncovered here by 5’RACE is clearly induced in K1ER cells, which indicates 

that it may be under the direct regulation of KLF1. As KLF1 is a master regulator of 

erythropoiesis, this is a good indication that this transcript is indeed erythroid-specific. 

 

Figure 5.4. Transcriptional start sites of Zbtb7a transcripts in un-induced and 
induced K1ER cells found by 5’RACE. Grey arrow heads indicate un-induced 
samples and red arrow heads indicate induced samples. Induced cells appear to have a 
novel Zbtb7a transcript which begins at base pair +240 downstream of the annotated 
TSS of Zbtb7a. 

 

 ZBTB7A has a transcript variant highly expressed in reticulocytes in 5.4

humans 

We also used the FANTOM5 SSTAR database to investigate whether there were any 

transcripts that were highly expressed in human erythroid cells or tissues. The most relevant 
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erythroid human cell type that was investigated was the reticulocyte, derived from CD34+ 

HSCs. These are immature red blood cells just before they extrude their nuclei to form fully 

mature erythrocytes. These cells still contain RNA and hence could be used in CAGE 

experiments. In human cells, they identified eight different transcripts of ZBTB7A, numbered 

in order of relative expression. In this case, the ZBTB7A p3 transcript was most highly 

expressed in reticulocytes compared to other transcripts, and the level of expression in these 

cells was second only to mast cells. Figure 5.5 shows the tissues of the top five most highly 

expressed transcripts, labelled ZBTB7A p1-p5, which have been arranged in order of 

expression according to the levels of transcript p3. This transcript is more abundant than the 

erythroid transcript that we examined above in mouse cells. Reticulocyte samples were 

differentiated from two different human donors, and both showed high expression of this 

particular transcript. Like in the mouse, the ZBTB7A p1 transcript is also highly expressed in 

these cells, as well as the majority of other cell types and represents a ubiquitous transcript.  

 

Figure 5.5. Human ZBTB7A transcript variants and their expression levels in 
various human tissues, uncovered from the FANTOM5 (Functional Annotation of 
the Mammalian Genome) SSTAR (Semantic catalogue of Samples, Transcription 
initiation And Regulators) Project. These variants have been found using Cap 
Analysis of Gene Expression (CAGE). Tissues have been arranged based on the values 
for variant ZBTB7A p3, which is most highly expressed in mast cells and reticulocytes. 
The y-axis here represents the relative expression levels, and along the x-axis are the 
various cell and tissue types.  The red box indicates the erythroid tissues where p3 
transcript is the most highly expressed Zbtb7a transcript. 

 

Table 5.3 lists the relative expression of each transcript in the top ten tissues of ZBTB7A 

p3 expression. All of the top ten samples are cells of the haematopoietic system. As 

mentioned, the cell type which has the highest level of the ZBTB7A p3 transcript is the mast 
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cell sample from one donor out of two. It is difficult to draw any conclusions from these 

various cell types, except to say that after reticulocytes, the expression level of this particular 

transcript drops off quite quickly and is overtaken by both ZBTB7A p1 and p2 in the CD14+ 

monocyte cells, which is the fourth entry on this list. By the tenth entry, the expression level 

of ZBTB7A p3 is less than half of what it is in the reticulocytes, which may indicate that high 

levels of this transcript are largely restricted to erythroid-type cells. We hypothesised that p3 

is the erythroid transcript that we may identify experimentally by 5’RACE. 

Table 5.3. Table of human cell and tissue types and the various ZBTB7A 
transcripts expressed in them, found from the FANTOM 5 (Functional Annotation 
of the Mammalian Genome) SSTAR (Semantic catalogue of Samples, 
Transcription initiation And Regulators) database. The tissues have been arranged 
according to expression levels of the Zbtb7a p3 transcript, most highly expressed in 
mast cells, but also reticulocytes in humans. The numbers represent the expression 
levels of each isoform relative to a housekeeping gene. 

Sample Zbtb7a p3 Zbtb7a p1 Zbtb7a p2 Zbtb7a p4 Zbtb7a p5 

Mast cell #1 41.82 30.55 2.55 1.58 0.62 

Reticulocyte #2 39.22 29.80 1.57 0.26 1.05 

Reticulocyte #1 35.52 21.27 0.00 0.22 0.22 

CD14+ monocytes #1 22.10 30.39 35.48 1.02 1.16 

Mast cell #4 19.57 75.62 9.09 1.14 3.16 

CD14+ Monocytes #3 19.41 26.62 34.69 0.73 0.24 

CD14+ Monocytes #2 17.00 23.43 34.39 1.89 0.38 

Mast Cell #2 15.55 58.88 8.92 0.62 2.70 

Acute myeloid leukaemia 15.51 7.05 2.82 0.00 1.41 

Whole blood 15.29 16.82 6.88 0.00 0.00 
 

The TSS for the ZBTB7A p3 transcript identified in the FANTOM5 database lies 270 bp 

upstream of exon 1. This can be seen in Figure 5.6 A. 

 5’ RACE design 5.4.1

We next set out to explore this transcript start point in more detail, and this was 

approached in the same way as for the mouse. In order to determine the presence of an 

erythroid-specific transcript in other human cells, we performed 5’RACE using 

un-differentiated and erythroid differentiated cells from CD34+ HSCs. We used CD34+ 

HSCs derived from both cord blood and bone marrow for this experiment to investigate any 

potential differences between foetal and adult tissues. These cells were induced as previously 

described in Chapter 2 (Figure 2.1). For the non-erythroid control samples, we used RNA 

extracted from the erythroid differentiation at week 1, when the cells are largely still CD34+. 

The RNA for the erythroid samples was extracted at week 3 of differentiation, when the cells 
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are predominantly erythroid and resemble reticulocytes, characterised by high levels of 

globins and erythroid-specific proteins such as KLF1. These cells were comparable to the 

reticulocyte cells investigated in the FANTOM5 analysis, although the exact method of 

differentiation may have varied. As in the mouse, the first exon of ZBTB7A is GC rich, so we 

again designed 6 reverse primers in exon 2 to maximise our chances of success. Each 

successive primer was again slightly further downstream of the TSS and resulted in the 

amplification of a larger product. Below is a diagram depicting the genomic DNA of the 

human ZBTB7A gene (Figure 5.6 A), as well as the RefSeq cDNA transcript from NCBI 

(NM_015898.2) (Figure 5.6 B). As with the mouse, ZBTB7A is composed of three exons, 

depicted here along with the translation start site, and 5’ and 3’ UTRs. This figure also 

depicts the TSS identified by FANTOM5 which lies approximately 270 bp upstream of the 

annotated TSS. The asterisk denotes the site of the erythroid-specific promoter [137], which 

in the case of the human lies approximate 270 bp upstream of the annotated TSS and adjacent 

to the TSS of the hypothesised erythroid-specific transcript discovered in FANTOM5 (Figure 

5.6 A). The reverse primers for the 5’RACE are shown lying in exon 2 (Figure 5.6 B). 
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Figure 5.6. 5’RACE primer design for amplifying the 5’ end of the human 
ZBTB7A transcript. 5’RACE was performed according to instructions in the kit. 
cDNA is produced from RNA with a 5’ cap recognised by forward primers supplied by 
Clontech. Gene specific reverse primers were designed lying in Exon 2 to amplify 
potential transcript variants. (A) Genomic sequence of ZBTB7A showing exons 1-3 and 
intergenic regions, 5’- and 3’ UTRs and the start point of translation, marked with ATG. 
Asterisk indicates the erythroid-specific promoter. (B) RefSeq cDNA sequence of 
ZBTB7A (NM_015898.2) showing exons and start point of translation, and each 
individual 5’RACE primer, labelled 1-6. 

 

 5’RACE results 5.4.2

5’RACE experiments were conducted in human cells using undifferentiated and erythroid 

differentiated cord blood (Figure 5.7) and bone marrow (Figure 5.8) samples, using the 

generic forward primer and individual reverse primers targeted to exon 2 of ZBTB7A. From 

this we found that, for both cord blood and bone marrow, some of the primers were 

unsuccessful. Primer 2 (lanes 3 and 4), primer 4 (lanes 7 and 8) and primer 6 (lanes 11 and 

12) showed no products for either week 1 or week 3 samples in cord blood and bone marrow. 

As was the case with some of the mouse assays, one primer (primer 1) showed no product in 

the undifferentiated week 1 samples for both cord blood and bone marrow, but produced two 

distinct bands in the differentiated week 3 samples which appeared to be the same as the 

bands seen for the other successful primers, 3 and 5. In the cord blood samples, primer 4 also 

seems to have produced two faint bands in the week 3 samples. In the top gel of the cord 

blood samples, showing lanes 1-8, two bands are visible in the week 3 samples (Figure 5.7 

A). But when these bands were electrophoresed for longer, as was the case for the bottom gel 
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of the cord blood samples (Figure 5.7 B) and both gels for the bone marrow samples (Figure 

5.8), it was found that these two bands resolved into several distinct bands. The week 0 

samples for most primer pairs had much less product than the week 3 samples, regardless of 

band size. This may be due to PCR efficiency, or it may be indicative of the fact that there is 

less ZBTB7A transcript expressed in these cells, which would correlate with what was seen in 

Chapter 3 (Figure 3.5 and Figure 3.7). 

 

Figure 5.7. CD34+ cord blood cells at week 1 and week 3 of erythroid 
differentiation express a different transcript of ZBTB7A. Whole mRNA was 
extracted from CD34+ cord blood cells at week 1 of differentiation, where they remain 
CD34+ and undifferentiated, and week 3 of differentiation, where they are erythroid 
cells, and 5’RACE ready cDNA was made using the 5’RACE kit from Clontech. PCR 
reactions were set up with 5’RACE ready cDNA and gene specific reverse primers 
which lie in exon 2 of ZBTB7A. Products were run of a 2% agarose gel. A 100 bp DNA 
ladder was used to estimate the sizes of the fragments. 
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Figure 5.8. CD34+ bone marrow cells at week 1 and week 3 of erythroid 
differentiation express a different transcript of ZBTB7A. Whole mRNA was 
extracted from CD34+ bone marrow cells at week 1 of differentiation, where they 
remain CD34+ and undifferentiated, and week 3 of differentiation, where they are 
erythroid cells, and 5’RACE ready cDNA was made using the 5’RACE kit from 
Clontech. PCR reactions were set up with 5’RACE ready cDNA and gene specific 
reverse primers which lie in exon 2 of ZBTB7A. Products were run of a 2% agarose gel. 
A 100 bp DNA ladder was used to estimate the sizes of the fragments. 

 

 5’RACE sequencing 5.4.3

Visible bands from the cord blood samples were sequenced. The sequences were then 

mapped to the ZBTB7A locus using the BLAT search tool on the UCSC Genome Browser 

[217, 218]. Some of the sequences were found not to be ZBTB7A, and these were discarded 

from the analysis. Most of the sequences from week 1 samples appeared to have start sites 

that were just upstream of exon 1, whereas week 3 samples started around 240 bp upstream. 

The sequence that mapped to the ZBTB7A locus are tabulated below in Table 5.4, which 

shows the sample type in column one, week 1 in grey and week 3 in red, and the number of 
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bases up- or downstream of the annotated RefSeq TSS where the sequence was found to start, 

is shown in the second column. The third column groups the samples together based on their 

TSSs. 

Table 5.4. Collated sequencing data from CD34+ cord blood Week 1 and week 3 of 
erythroid differentiation 5’RACE samples. The first column indicates the sample 
type, the second is the start point of transcription found relative to the annotated TSS of 
the first exon, this is the number of base pairs up- or downstream of the defined TSS, 
and the third column groups the samples together by their TSS. Grey rows indicated 
Week 1 samples and red rows indicate week 3 samples. 

Sample TSS TSS Grouping 

Cord Blood Wk3 -276

TSS 1 

Cord Blood Wk3 -241

Cord Blood Wk3 -238

Cord Blood Wk3 -238

Cord Blood Wk3 -238

Cord Blood Wk3 -233

Cord Blood Wk3 -233

Cord Blood Wk3 -229

Cord Blood Wk3 -226

Cord Blood Wk1 -81

TSS 2 

Cord Blood Wk1 -28

Cord Blood Wk1 -23

Cord Blood Wk3 -22

Cord Blood Wk1 23

Cord Blood Wk1 Exon 2

Cord Blood Wk1 Exon 3
 

In the human samples, there were two groupings of start sites. In this case, distinct from 

our findings in the mouse, the first group was located at around 240 bp upstream of the TSS 

in exon 1 (-240 bp). All of these longer transcripts came from the erythroid week 3 samples, 

suggesting that it is an erythroid-specific start site. The second start site was further 

downstream. Some were still found upstream of the annotated TSS, and some internally in 

exon 1, and the majority of these, bar one exception, were found from the week 1 samples. 

Figure 5.9 depicts the various TSSs that were found in the sequencing analysis. The red 

arrows indicate the induced samples, and the grey arrows the un-induced. From this figure, 

the clustering of the induced samples at the -240 site is clear. The upstream region, which is 

transcribed in the erythroid cells, has been labelled Exon 0. The longest transcript found here 

at -276 bp, closely matches the TSS of p3 discovered in the FANTOM5 project at 270 bp 

upstream (-270 bp) of exon 1. The bulk of the tags sequenced in the FANTOM5 project were 

found to lie around 240 bp upstream, which mirrors what we have found using 5’RACE. It is 
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interesting to note that the conserved region of the mouse and human promoter containing 

potential GATA-1 and KLF1 sites (indicated by an asterisk in Figure 5.6) as mentioned 

above, lies 270 bp upstream of the TSS of exon 1, which makes it directly adjacent to the 

TSS of this novel Exon 0 in humans. We therefore believe this to be to be a genuine 

erythroid-specific transcript. 

 

Figure 5.9. Transcriptional start sites of ZBTB7A transcripts in CD34+ cord blood 
cells at week 1 and week 3 of erythroid differentiation found by 5’RACE. Grey 
arrow heads indicate the week 1 samples and red arrow heads indicate the week 3 
samples. Week 3 samples cells tend to cluster at around -238 bp upstream of the 
annotated TSS, which appears to be a novel erythroid ZBTB7A transcript. We have 
labelled this novel exon, exon 0. 
 

 Validation 5.4.4

As the 5’RACE results for the human samples indicated a novel TSS upstream of the first 

exon in erythroid cells, it was amenable to validation by qPCR. Even though this exon 0 is 

technically an extension of exon 1, and is not separated by an intron (Figure 5.10 A), we were 

still able to design primers that lay in exon 0 and exon 1 to test whether there was a greater 

up-regulation in this transcript in the erythroid differentiated CD34+ cord blood and bone 

marrow cells. Figure 5.10 shows the up-regulation of the entire ZBTB7A transcript, as the 

primers lie across the exon 2/3 boundary, in comparison to the new erythroid transcript, 

where the primers lie in exon 0 (Figure 5.10 A). This figure depicts the difference in 

up-regulation between the two transcripts when haematopoietic stem cells (week 1) are 

differentiated down the erythroid lineage (week 3). From this we can see that in both the cord 

blood (Figure 5.10 B) and the bone marrow (Figure 5.10 C) there is a markedly greater 

up-regulation of this erythroid-specific transcript, which was previously masked in the qPCR 

which did not cover this region (Figure 3.5-3.7). This is due to the fact that other transcript 

variants of ZBTB7A are expressed in haematopoietic stem cells at week 1, resulting in a 

higher expression level at base-line. However no detectable levels of the novel transcript 

from exon 0 is detectable in these cells, which results in a greater difference in this transcript, 

compared to the total levels of transcript during the differentiation process. Interestingly, the 



 

105 
 

bone marrow sample appears to have a greater up-regulation of this transcript than the cord 

blood. 

 

 

Figure 5.10. Validation of the erythroid-specific transcript of human ZBTB7A in 
cord blood and bone marrow erythroid differentiated CD34+ cells. (A) Genomic 
DNA of ZBTB7A indicating location of the putative exon 0. mRNA was extracted from 
cord blood (B) and bone marrow (C) CD34+ cells at week 1 of erythroid differentiation 
(indicated by grey bars), where the cells remain undifferentiated and CD34+, and week 
3 of differentiation (indicated by red bars), where the cells are erythroid. Differential 
expression of ZBTB7A transcripts were examined with qPCR. The transcript emanating 
from the previously examined exon 2 and 3 boundary is shown first, followed by the 
extension of exon 1 labelled exon 0, discovered by the 5’RACE. Representative plots 
are shown for each.  
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 Chapter 5 Discussion 5.5

In this chapter, we investigated the possibility of an erythroid-specific transcript of 

ZBTB7A in both human and mouse cells. There are a number of conserved CACCC- and 

GATA-motifs in the promoter of this gene which may be bound by the erythroid factors 

KLF1 and GATA-1, suggesting the possibility of an erythroid-specific start site. GATA-1 

sites are often found slightly downstream of binding sites for SCL/TAL1 in erythroid cells 

[181]. These sites usually appear as an E-box/GATA composite motif with the 

sequence -CTG(N9)GATA- [219], however no E-boxes, or these composite sites were found 

near the GATA sites in the conserved ZBTB7A promoter region. We hypothesised that we 

would see a difference in the TSS of this gene in erythroid cells, which would give rise to a 

novel transcript, but the same protein as the ubiquitously expressed gene. We initially 

hypothesised that there would be transcription of a novel 5’ exon which would be 

alternatively spliced to exon 2 in erythroid cells, as is the case with many erythroid-specific 

transcripts, such as the one in Klf3. We began by examining data from the FANTOM5 

project, which showed transcription start points enriched in erythroid cells of human and 

mouse. We also performed 5’RACE to fully ascertain the structure of 5’UTR of the erythroid 

transcripts, and then validated the novel transcript by qPCR in human samples.  

The sequencing results of the 5’RACE suggested the situation is more complex than 

anticipated. From both the mouse and human analysis, we saw no evidence of alternative 

splicing of a novel erythroid-specific exon. Instead, we found a new start point of 

transcription, which, for the mouse, was internal in the first exon and slightly downstream of 

the annotated TSS, and for the human was upstream of the annotated TSS, but as an 

extension of the first exon rather than from a distinct upstream exon. For the mouse, this 

internal TSS did not match that found in the FANTOM5 database, which was found to be 48 

bp upstream of the first exon. There are a number of reasons for why this might be the case, 

the primary one being that these are different cell types. While the foetal liver is 

predominantly erythroid at the time points investigated by FANTOM5, it still represents a 

mixed population of cells, and it is possible that the TSS identified is not erythroid-specific. 

However, the transcript we uncovered here by 5’RACE is clearly induced in K1ER cells, 

which indicates that it may be under the regulation of KLF1. As KLF1 is a master regulator 

of erythropoiesis, it is possible that this transcript is erythroid-specific; however experiments 

in non-erythroid cells types would be needed to confirm this. The transcript we identified by 

5’RACE was difficult to validate by qPCR. Only a short upstream region was available to be 

targeted to test differential expression between the two transcripts, which was too GC rich to 
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achieve successful amplification by qPCR. This means that additional 5’RACE experiments 

would need to be utilised to investigate whether this particular TSS is found in other cell 

types, and to confirm that it is erythroid-specific.  

The human erythroid-specific transcript we identified by 5’RACE did match the TSS 

discovered in the FANTOM5 database which we hypothesised was erythroid-specific. The 

validation of this transcript proved to be more straightforward than the mouse. As the new 

upstream TSS was sufficiently far enough away from the annotated TSS, there was a margin 

to successfully design probes targeted to this region. The major issue we faced with this 

validation was the lack of an intron separating the two exons, as any contaminating genomic 

DNA (gDNA) would influence results. During our standard RNA extraction protocol we 

include a DNase step prior to cDNA synthesis, which allows genomic DNA to be largely 

eliminated. However, for these primary cells, given the small number obtained from the 

differentiation, it was not possible to use our standard DNase method. Instead, cell lysates 

were passed through a column designed to eliminate gDNA, in the RNeasy Plus Mini kit 

(Qiagen, Clifton Hill, VIC, Australia). We therefore used ChIP-qPCR primers, which were 

specific for other promoters and intergenic regions, to determine the level of gDNA 

contamination. Amplification was detected at these ChIP primer sets in some samples, 

making assessment of the precise magnitude of increase in transcript levels difficult to define. 

Samples with the least amount of contaminating gDNA were selected, which is the reason 

only representative plots for each sample type were shown. These samples showed no 

detectable levels of amplification from the ChIP primers used. 

It should be noted that, unlike the start point of translation, transcriptional start sites are 

not defined by a particular sequence, and there is some inherent fluctuation in where a 

transcript will begin. This is reflected in the sequences obtained from both mouse and human 

5’RACE experiments, but is particularly apparent in the mouse, where the TSSs for the 

uninduced cells were found to range from +95 to +324 of the annotated Zbtb7a TSS. It is also 

interesting to note that no transcripts for either human or mouse were found that showed a 

TSS that exactly matched the annotated TSS. 

If the protein arising from differentially expressed transcripts is the same, and the first 

exon of each of these transcripts is almost identical, then what is the reason for this 

erythroid-specific regulation? It could be argued that it is because Zbtb7a is critical for the 

maturation and survival of erythroid cells and therefore requires increased expression in these 

cells above basal levels. From knockout experiments, it is clear that Zbtb7a is important in an 

erythroid context [137, 138, 164]. It has been suggested to be activated by the master 
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erythroid regulator, GATA-1 [137], and we have shown in this thesis that it is regulated by 

another important erythroid regulator KLF1. Hence, GATA-1 and KLF1 may act together to 

bolster the expression of ZBTB7A to levels that are required for the correct maturation and 

survival of erythroid cells. Or perhaps, the reason for the erythroid-specific up-regulation 

may be, as we have suggested in Chapter 3, to correctly silence the expression of the 

embryonic βh1-globin in the mice, and foetal γ-globin in humans.  

Ultimately, future research will focus on determining the functional relevance of this 

transcript in vivo in cell lines, as well as in a mouse model and primary human cells. There 

are various ways in which this can be achieved, but the recent technological advance of the 

CRISPR/Cas9 system which enables us to specifically knockout regions of the genome with 

ease, and with little to no off-target effects, in both cells and mouse models, will be employed 

here in future experiments. We plan to target the conserved GATA- and CACCC-motifs 

identified in the promoter regions of human and mouse ZBTB7A thought to be bound by the 

erythroid master transcription factors GATA-1 and KLF1 to determine if this impairs 

production of the erythroid specific start point, while leaving the ubiquitous start point intact. 
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CHAPTER 6 –   GENERAL DISCUSSION & CONCLUSION 

 Summary 6.1

Diseases of the adult β-globin genes are some of the most prevalent monogenetic diseases 

worldwide. However, naturally occurring mutations, which lead to increased production of 

the foetal globins into adulthood - known as Hereditary Persistence of Foetal Haemoglobin 

(HPFH) - have been shown to result in less severe symptoms, and in many cases, to 

completely ameliorate these diseases. This has triggered intensive research into haemoglobin 

switching, as reactivating the foetal globin genes in patients with β-globinopathies is an 

attractive therapeutic target. A number of HPFH families present with mutations in the -200 

region of the foetal γ-globin promoter, which have been shown to lead to an increase in foetal 

haemoglobin (HbF) ranging from 2.5% to 40% for particular mutations (Table 1.2). There are 

two mechanisms by which this can conceivably occur. Firstly, these mutations may create 

novel binding sites for activating transcription factors, and thereby activating γ-globin. Or 

they may result in the loss of repressor complex binding sites, resulting in the loss of γ-globin 

silencing. As there are a number of mutations in this region which result in the same 

phenotype, the latter scenario is more likely, however finding evidence of the responsible 

factors that bind to this region has proven elusive.  

Since its discovery in 2008, BCL11A has been touted as the central factor in globin 

switching. Disruption of BCL11A expression has since been shown to be a good therapeutic 

target for treating adult β-globinopathies as it has been found to be required for γ-globin 

silencing, and yet dispensable for other normal erythrocyte function and production. In a 

proof of principle study, inactivation of BCL11A was used to correct the defects associated 

with SCD in a mouse model [111]. However, the mechanism of action of BCL11A has been 

difficult to elucidate, as there is currently no evidence that it binds directly to the promoter of 

the γ-globin genes. It has, however, been shown in various instances to be involved in 

promoting long-range looping interactions to the β-globin locus to silence the expression of 

the foetal globin genes [120, 220, 221].  

BCL11A, however, is not the only important factor in foetal globin silencing, as the 

reactivation of γ-globin expression seen in the absence of BCL11A is not complete [110], and 

can be enhanced by the loss of other factors, for instance SOX6 [120], KLF1 [115], LSD1 

and DNMT1 [222]. While many studies since the discovery of BCL11A’s role in the field of 

globin switching have been focused on determining its mechanism of action in silencing 
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γ-globin expression, uncovering novel repressors of γ-globin will add further understanding 

to this complex process. 

Here we have provided evidence that ZBTB7A, a transcriptional repressor, plays an 

important role in erythropoiesis and binds to the -200 site in the γ-globin promoter. Our 

collaborators at Harvard University, Stuart Orkin and Takahiro Maeda, are currently 

investigating the effect of knocking out ZBTB7A on γ-globin expression. These experiments 

are akin to those which established the role of BCL11A as an important repressor of foetal 

globin expression [105, 110]. The predominant focus of this thesis has therefore been the 

regulation of ZBTB7A in humans and mice, as an essential complement to the work being 

conducted by these collaborators. It has previously been shown that Zbtb7a is activated by 

GATA-1 [137], and it has been hypothesised that Zbtb7a is activated by KLF1 on the basis of 

various microarray analyses [87], but regulation of Zbtb7a by KLF1 has never been explicitly 

examined in detail. Here we have provided evidence that KLF1 binds to the promoter of 

Zbtb7a and directly activates its expression in an erythroid context. We have also provided 

evidence of a potential erythroid-specific transcript, which appears to be under the regulation 

of KLF1, at least in the mouse cell line K1ER. 

Importantly, mutations in KLF1 are associated with elevated levels of foetal globin [113]. 

KLF1 has been shown to directly activate BCL11A [112], which possesses an 

erythroid-specific enhancer [109]. Thus, individuals with reduced KLF1 activity have 

reduced levels of the repressor BCL11A, and thereby an increase in foetal globin. This has 

led to the idea of specifically knocking out BCL11A’s erythroid enhancer [223]. It is 

hypothesized that this would reduce BCL11A in erythroid cells and increase foetal globin 

levels, but not impair levels of BCL11A in other cell types, where it is a vital gene.  

We have approached ZBTB7A in a similar manner. We have also provided evidence that 

it is a foetal globin repressor that is activated by KLF1. We have investigated its regulation 

and discovered that it too has an erythroid-specific control element. ZBTB7A is an essential 

gene in many tissues, including erythroid cells, but again it may be possible to reduce its 

expression in erythroid cells without affecting expression elsewhere by the targeted removal 

of the erythroid control element. This reduction may serve as a way to boost foetal globin 

levels to treat haemoglobinopathies. 

 ZBTB7A and the field of globin switching 6.2

Globin switching is a complex process, involving many co-regulators and transcription 

factors shown to bind directly to the proximal promoters of the β-globin genes, or to mediate 
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looping interactions to various sites of the β-globin locus. Below is a simplified model for the 

network of key transcription factors involved in globin switching illustrating the insights into 

ZBTB7A discovered in through this body of work (Figure 6.1). The master erythroid 

transcription factor, GATA-1 activates KLF1, another important factor in erythropoiesis. One 

of the roles of KLF1 is to activate the adult β-globin gene at the time of haemoglobin 

switching [89, 90]. However, its regulation of this process is two-fold, as it is also involved in 

activating genes involved in the silencing foetal γ-globin expression, such as BCL11A [112], 

and as proposed previously [87] and validated here, ZBTB7A. GATA-1 has also been shown 

to activate BCL11A via an erythroid-specific enhancer located in the second intron of 

BCL11A [109]. BCL11A interacts with the β-LCR, and works together with SOX6 and 

GATA-1 to reconfigure the β-globin locus and silence the expression of γ-globin [120]. 

SOX6 has also been found to be involved in the direct silencing of the murine embryonic 

εy-globin [119], which is an orthologue of the human embryonic ε-globin gene [165], and 

may be involved in silencing this gene in human development (illustrated as a dotted line in 

Figure 6.1). We have provided evidence of ZBTB7A binding the -200 region of the 

promoters of both γ-globin genes, and hypothesise, from preliminary results from our 

collaborators, that it acts to silence the expression of these genes. We have also found 

evidence that ZBTB7A binds to the β-LCR, and may, like BCL11A, also play a role in 

facilitating long-range looping interactions to various regions of the β-globin locus. Our 

ChIP-Seq experiments have also shown that ZBTB7A binds to the promoter regions of 

BCL11A, KLF1 and GATA-1, as well as its own promoter. Whether it is involved in the 

activation or silencing of these genes is unknown at this stage. Many transcription factors can 

both activate and repress their targets under different conditions and in conjunction with 

different regulators and co-factors. While ZBTB7A has predominantly been found to repress 

genes, it has also been found to be capable of activation [180]. In this diagram we illustrate 

the potential regulation of these genes as dotted lines showing both activation and repression 

at its targets. 



 

112 
 

 

Figure 6.1. Model of haemoglobin switching at the β-globin locus. GATA-1 
activates the erythroid transcription factor KLF1. KLF1, in turn, activates adult 
β-globin at the time of globin switching. KLF1 also drives the expression of 
transcription factors which are involved in the silencing of the γ-globin genes, BCL11A 
and ZBTB7A. BCL11A and SOX6 bind together at the locus control region (LCR) and 
facilitate looping interactions to various sites in the β-globin locus to silence the 
expression of foetal globin. SOX6 may also play a role in silencing the embryonic 
ε-globin earlier during development (dotted line). ZBTB7A binds to the -200 region of 
the γ-globin promoters and helps to silence their expression. This protein may also have 
roles in facilitating looping at the LCR. ZBTB7A also may act to either activate or 
silence its own expression and that of KLF1 and BCL11A (dotted lines). 

 Future Directions 6.3

The findings presented in this thesis can be divided to support two main hypotheses. 

Firstly, that ZBTB7A is involved in the regulation of globin switching, and silencing of foetal 

globin is achieved through direct binding of ZBTB7A to the -200 region of the foetal globin 

promoter. This is evidenced predominantly by the demonstration that ZBTB7A is capable of 

binding the -200 region of the foetal globin promoter in vitro and in vivo, and that this 

binding is disrupted by mutations that result in HPFH [140]. Secondly, that ZBTB7A 

expression is specifically regulated by KLF1 and GATA-1 via an erythroid specific control 

element in the promoter of ZBTB7A in erythroid cells. This is evidenced by the direct 

regulation of ZBTB7A by KLF1, and the discovery of a potentially erythroid specific 

transcript variant. However, additional data is required to add further weight to these 
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hypotheses. The future directions for this project are, thus, also two-fold, firstly to determine 

whether ZBTB7A can indeed regulate the foetal globin gene through its binding to the -200 

region, and secondly, to determine the function of the erythroid control element. Outlined 

below are a number of experiments which could potentially serve to provide greater evidence 

for these hypotheses. 

The initial aim is to fully elucidate the mechanism by which ZBTB7A regulates foetal 

globin through the -200 region of the promoter. As discussed in Chapter 3, being able to 

capture a repressor binding to its target gene by ChIP is particularly challenging. Somewhat 

counterintuitively, ZBTB7A was found to bind to the -200 region in K562 cells, where foetal 

globin is highly expressed, and not adult bone marrow cells, where the gene is typically 

considered silenced. This is possibly due to the fact that repressors affect conformational 

changes in the chromatin of some target genes, and once they have inflicted these changes, 

they are no longer required to bind to these sites. In order to demonstrate that ZBTB7A 

regulates foetal globin through this promoter site, an elegant series of tests need to be 

undertaken in a suitable cell line, or at the appropriate time in primary cells. Chapter 3 

provides evidence that ZBTB7A is capable of binding the -200 region of the foetal globin 

promoter in CD34+ cells derived from cord blood, which are harvested at the time that 

switching is actively occurring in humans, where some cells express foetal globin, and some 

adult globin. While technically challenging to work with, these cells present a perfect system 

in which to explore the role of ZBTB7A in globin switching, however, considering we have 

also observed binding of ZBTB7A to the -200 region in K562 cells, this cell line may present 

a more amenable alternative. Whichever system is chosen, the experiments remain the same. 

Using genome engineering techniques, the -200 mutations could be introduced into either of 

these cells. These mutations should result in the up-regulation of foetal globin in these cells, 

as they do in the individuals that carry them. Once these modified cells are established, ChIP 

experiments to determine ZBTB7A genomic occupancy can be carried out in parallel with 

WT cells to test the hypothesis that there would be abolished binding of this protein to 

the -200 site of the foetal globin promoter. A recent publication from this lab demonstrated 

that mutations resulting in HPFP can be introduced in cell lines using a TALEN mediated 

approach in order to up-regulate foetal globin. In this proof of principle study it verified that 

another HPFH mutation, single base pair T to C substitution at the -175 site of the foetal 

globin promoter, results in the creation of a novel binding site for the transcriptional activator 

TAL1 [224]. The same approach could be used for the -200 mutations, however as there are 

multiple mutations in this region, it may be prudent to begin with the mutation that shows the 

greatest increase in foetal globin in patients, namely the -196 C to T mutation in the Aγ 
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promoter [69, 70]. In order to demonstrate that it is indeed the loss of ZBTB7A binding to 

this site that results in the up-regulation of foetal globin, a “rescue” type approach using a 

modified ZBTB7A protein could be employed. In this case, the ZBTB7A protein could be 

modified to recognise the mutant -200 sequence and thereby once again bind this region and 

silence foetal globin.  

The second aim arising from this thesis is to fully elucidate the role of the erythroid 

control element of ZBTB7A. As demonstrated in Chapter 5, the promoter of ZBTB7A contains 

a number of CACCC- and GATA-elements, some of which are conserved in the mouse. 

These are binding sites of the important erythroid transcription factors KLF1 and GATA-1, 

both of which have been shown to play important roles in regulating ZBTB7A. We have also 

provided evidence that a novel transcript variant is upregulated in erythroid cells. It is 

hypothesized that the function of this regulation element and novel transcript is to upregulate 

ZBTB7A in an erythroid specific manner to fully silence foetal globin in these cells. The first 

step in investigating this hypothesis will require confirming that this transcript is indeed 

erythroid specific. In order to achieve this, CD34+ haematopoietic stem cells can be 

differentiated down various haematopoietic lineages, and the expression of the novel ZBTB7A 

transcript variant can be compared to the expression of all ZBTB7A transcripts by qPCR in 

the manner that was utilized in Chapter 5. The analysis performed by the FANTOM5 

consortium already suggests that this particular transcript will be highly expressed in both 

mast cells and the erythroid lineage. As GATA-1 also plays a role in megakaryocytes, it may 

also be plausible that this transcript is also upregulated in megakaryocytes, however, as the 

Zbtb7a KO mice have no megakaryocyte defects, it is unlikely that a potential knockdown in 

these cells will have adverse effects. While it is possible that this transcript may be expressed 

in other lineages, it is unlikely that it is under the regulation of both the erythroid 

transcription factors KLF1 and GATA-1 in these cells. Once the expression profile of this 

transcript has been investigated, it will be necessary to examine the role this particular 

transcript plays in erythroid cells. It is possible that the erythroid control element, regulated 

by KLF1 and GATA-1, can be used to fine-tune the expression of ZBTB7A in erythroid cells, 

without perturbing the levels in other cell types and at the same time leaving enough 

ZBTB7A in erythroid cells for their normal function. In order to investigate this in more 

detail, the binding sites of KLF1 and GATA-1 need to be strategically removed. Below is a 

diagram illustrating the various CACCC- and GATA-elements in the promoter of ZBTB7A. 

This diagram also illustrates proposed mutations to these sites which could be introduced to 

abolish the binding of both KLF1 and GATA-1.  
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Figure 6. 2 The erythroid promoter of ZBTB7A and proposed mutations to binding sites 
for erythroid transcription factors. The ZBTB7A promoter contains a number of 
CACCC- and GATA-elements, binding sites for the erythroid transcription factors KLF1 and 
GATA-1, respectively. It is hypothesised that these factors upregulate a novel ZBTB7A 
transcript in erythroid cells. The proposed mutations would inhibit the binding of these factors 
and thereby silence the expression of this novel transcript variants in erythroid cells 
exclusively.  

 

Determining the appropriate cell type in which to conduct these experiments is important. 

These cells must be shown to express the novel ZBTB7A transcript variant, as well as have 

the capacity to upregulate foetal globin. In this regard, the K562 cell line is a potential 

candidate. These cells have been found to express the transcript variant, and are able to be 

induced down the erythroid lineage. It has also recently been shown that, while these cells 

express high levels of foetal globin at base line, they do indeed have the capacity to 

upregulate this gene, as shown when the -175 HPFH mutation was introduced [224]. Once 

clonal cells containing these mutations have been established, the expression level of 

ZBTB7A will be examined by qPCR. It is expected that no expression of the erythroid 

specific transcript of ZBTB7A will be detected in these cells, which will result in an overall 

down-regulation of ZBTB7A at both the transcript and protein level. Following this it will be 

necessary to investigate whether there are any effects on cell survival and erythroid 

differentiation. Once it has been confirmed that there are no deleterious effects of this 

down-regulation, the expression of the globin genes can be investigated. It is hypothesised 

that an increase in foetal globin expression will be observed, which is likely to be 

accompanied by a comparable decrease in the levels of the adult globin [224]. This particular 

approach certainly has its pitfalls. Firstly, the exact location of the ubiquitous promoter of 

ZBTB7A is unknown, and may well lie in and around the erythroid promoter region. If the 

ubiquitous promoter is perturbed, then there is the potential to result in a knockout effect of 

ZBTB7A. As this gene is important in erythroid biology [137] and has been shown to play a 

role in various cancers [171-173, 176, 177], completely silencing its expression has 

foreseeable negative effects. Secondly, it is unknown if a down-regulation of this protein will 
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be sufficient to result in a large up-regulation of foetal globin. However, only a small 

up-regulation of foetal globin in patients with HPFH has been shown to be effective in 

alleviating the symptoms of haemoglobinapothies. 

 Conclusion 6.4

Here we have presented evidence that the transcriptional repressor ZBTB7A is capable of 

binding to the -200 site of the foetal γ-globin promoter in vivo. While it is not always found to 

occupy this region in all cell types, we believe that ZBTB7A acts via this site to repress foetal 

globin. We have previously provided evidence that mutations in the -200 region that cause 

HPFH, abolish binding of ZBTB7A, and our collaborators are currently investigating the 

repressive effects of ZBTB7A on γ-globin. We hypothesise that determining the occupancy 

of the repressor to its targets can be particularly challenging, and capturing the right time of 

silencing is important. We therefore plan to repeat the ChIP-Seq experiments in foetal-like 

cells which are undergoing haemoglobin switching. The predominant focus of this thesis has 

been investigating the regulation of ZBTB7A.  

As ZBTB7A is an important transcription factor for normal erythroid development and 

survival [137], and considering its role in various cancers [171-173, 176, 177], complete 

silencing of this protein is likely to have multiple ill-effects. However, by targeting the 

erythroid-specific promoter through the use of genome editing, we may be able to reduce the 

expression in erythroid cells specifically, without completely silencing it. This reduction may 

indeed be sufficient to increase the levels of foetal globin by enough of a margin to reduce 

the severity of β-globin diseases. 
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Appendix I  

Table A1. Murine Primers 

 
Gene Name 

Database 
numbers 

Forward Sequence  Reverse Sequence 

Genotyping 
Primers 

Klf1 WT  3510/3511  AAGGCCACTTCCAGCTCTTTCGCG  TTGGAGTAGCTCTTCCCGCAGCCT 

Neomycin  3512/3591  AGGGTTGGTGACTGGGCCTTTGGG  TAAGGGCCAGCTCATTCCTCCCACT 

Real‐Time 
RT‐PCR 
Primers 

Bcl11a  3431/3432  CCAGAGGATGACGATTGTTTATCA 
GAAGTTTATCTGCTATGTGTTCCTGT
TT 

Hbb‐B1  2744/2745  CACTGTGACAAGCTGCATGT  TAGTGGTACTTGTGAGCCAG 

Hbb‐B2  3395/3396  GCACCTGACTGATGCTGAGA  CTGGGTCCAAGGGTAGACAA 

Hbb‐Bh1  2581/2741  CTCAAGGAGACCTTTGCTCA  AATCACCAGCTTCTGCCAGGC 

Hbb‐y  2732/2733 
CAAAGAGAGTTTTTGTTGAAGGAG
GAG 

AAAGTTCACCATGATGGCAAGTCTG
G 

Klf1  1917/1918 
AGACTGTCTTACCCTCCATCAGTAC
A 

CCGCCACCACTTGAGGAA 

Klf3 1a  2094/2095  GTCATGTGACTGCCCAGAGTT  CTGCCAAGCGCGGTC 

Klf3 1b  2098/2099  GGTGGAATTCTGTTCAGGTCAAC  CCACGCCTTCTAGGGTGTTCT 

Klf3 Ex4/5  2096/2097  GAAATGTCACCCCCTTTAATGAAC  CACGATGACGGAAGGATGGT 

Pu.1  3547/3548  AGCGATGGAGAAAGCCATAG  TCTGCAGCTCTGTGAAGTGG 

Runx1  4307/4308  TGGCTTCAGACAGCATTTTT  CAGCGCCTCGCTCATCTT 

Zbtb7a  5039/5040  GCGACGTGGTGATTCTTGTG  CGACGTGAACAGCTTCTTGAAGT 

ChIP Primers 

Zbtb7a 
Promoter 

5634/5635  TGTAGCTCTAACGGCCCTAGAAA  AGGAGGCAGGTGGATCTCTGT 

Hbb‐B1 
Promoter 

4441/4442 
GCTTCTGACATAGTTGTGTTGACTC
A 

CAGCAGCCTTCTCAGCATCA 

Klf3  
+10 kb 

2177/2178  GCCTGCGGGAGGTGATTAC  TTCTTGAAGCAAAGCCAAGAATATC 

Klf3 1b 
Promoter 

2175/2176  CTGGGTGTGGGCAGAATCTT  GCCAGGGCGAGTCCAACT 

Zbtb7a +5.3 kb  5763/5764  GGAAGGAACAGCAAAAAGTCAACT  CAGGATACACAGTGCAGAGAAGCT 

Zbtb7a +6.9 kb  5757/5758  CTCAGTCAAGGAGCCTGAAAGAC  CACACCTCCCTTGAAGTTCCAA 

Zbtb7a  
1st Intron 

5660/5661  CCACAAAGTCTTGGCAATAAAAAG  GGAGGCGTGTACCGTGTGT 

Zbtb7a  
‐7.7 kb 

5652/5653  AGCAGAACGTGTACGAGATCGA  TGGCGGTGTAGGCGAAGT 

5’RACE 
Primers 

mZbtb7a 
5’RACE I 

5825 

Provided in 5’RACE Kit  
(Clontech Laboratories Inc. 
Mountain View, CA, USA) 

GCCAGCCATCTTCCGCGACA 

mZbtb7a 
5’RACE II 

5826  CTCAGGATGTCGCTGCTGTGGTCC 

mZbtb7a 
5’RACE III 

5827  CCCTGAGTCCGCTGCTCGTTCAG 

mZbtb7a 
5’RACE IV 

5828  TCCACAAGAATCACCACGTCGCA 

mZbtb7a 
5’RACE V 

5829  AGCGGTGCGTGGGGAACTCACGTC 

mZbtb7a 
5’RACE  VI 

5830 
GAACAGCTTCTTGAAGTACTGGCTG
CAG 
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Table A2. Human Primers 

 
Gene Name 

Database 
numbers 

Forward Sequence  Reverse Sequence 

Real‐
Time RT‐
PCR 

Primers 

BCL11A  4111/4112  CGAGCACAAACGGAAACAATG  GATTAGAGCTCCATGTGCAGAACG 

HbB  4069/4070  TGTCCACTCCTGATGCTGTTATG  GGCACCGAGCACTTTCTTG 

HbD  3994/3995  AACCTCAAGGGCACTTTTTCT  GGAAACAGTCCAGGATCTCAA 

HbE  4141/4142  TGCTGAGGAGAAGGCTGCCG  TGGGTCCAGGGGTAAACAACGAGG 

HbG  2524/2525  CCTGTCCTCTGCCTCTGCC  GGATTGCCAAAACGGTCAC 

KLF1  4105/4106  CCACAGCCGAGACCGCCTTGACC  CTCTCATCGTCCTCTTCCTCCC 

KLF3  3950/3951  ACCCAGTTCCTGTCAAGCAA  TCAGGCAATGGTGTGGAGTA 

ZBTB7A  5041/5042  AAGCCCTACGAGTGCAACATCT  CAGGTCGTAGTTGTGGGCAAA 

ZBTB7A  
Exon 0 

5894/5895  GCTGCGGCACCT TTAAGACA  GCGTCACTGCCCCTACA 

ChIP 
Primers 

BIM Promoter  4376/4377  CGGGTTGGGGTAGGTGAG  GGCGTGTTTACCGGAGTAAC 

HbB Promoter  3825/3826  GGAGGGCTGAGGGTTTGAAGTCC  TGTCCTTGGCTCTTCTGGCACTG 

HbE Promoter  4445/4446  CACAAACTTAGTGTCCATCCATCAC  CCCTGTTCTCCATGGTACTTAAAAG 

HbG Promoter  1925/1926  TCAATGCAAATATCTGTCTGAAACG  CAAGGCTATTGGTCAAGGCAA 

HbG Promoter  
‐1.1kb 

1965/1966  GAGATCATGGATCACTTTCAGAG  AAGTATTTATGGTGGTTTTTTGG 

HbG Promoter  
‐2.1kb 

1967/1968  CCTGACCAGGAACCAGCAGAAAAG  AAGGTGCTATAACAAAATAGCATAG 

HbG Promoter  
‐3.1kb 

1969/1970  ATGTGGGTTTTGATGAGCAAAT  ACCTTTTACTCCCACTTGCAGAAC 

KLF1 
Promoter 

4374/4375  TCAAATTAGCCTGGCGTTCAA  AATGGTGGGCCAGTTGTCA 

ZBTB7A  
+15.4 kb 

5672/5673  CACAGAGCTCAAACTGGCTTGA  ACTCGCACTCCCAGGAACAC 

ZBTB7A  
+8.2 kb 

5670/5671  GCCACCGCGTGGATGA  TGTGTGGCTTTTTGTGTCTGACT 

ZBTB7A Intron 
Peak 1 

5660/5661  CCACAAAGTCTTGGCAATAAAAAG  GGAGGCGTGTACCGTGTGT 

ZBTB7A Intron 
Peak 2 

5664/5665  CAAAAGCAATCAGACGTCATGTC  CTGGCCGCCCTTGTGTAC 

ZBTB7A 
Promoter 

5656/5657  CAGGACTCAGTTTCCCCTTCCT  CGCTCACTAAACGGCAGCTAA 

5’RACE 
Primers 

hZBTB7A 
5’RACE I 

5819 

Provided in 5’RACE Kit  
(Clontech Laboratories Inc. 
Mountain View, CA, USA) 

TCAGGATGTCGCTGCTGTGGTCG 

hZBTB7A 
5’RACE II 

5820  CTCGTTCAGCCCACTCAGGATGT 

hZBTB7A 
5’RACE III 

5821  TGCGTCCGCTGCTCGTTCAGC 

hZBTB7A 
5’RACE IV 

5822  TCCACCAGGATCACCACGTCGCA 

hZBTB7A 
5’RACE V 

5823  GCTTCTTGAAGTACTGGCTGCAGGC 

hZBTB7A 
5’RACE VI 

5824 
AAGTCGATCTCGTACACGTTCTGCTG
GT 
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Appendix II 

The following figures are representative primary amplification plots from real-time qPCR 

data in order to display the relative expression levels of important genes in various tissues 

examined in this thesis. 

 

Figure II.1. Real-time quantitative PCR amplification plots of murine adult 
β-globin genes in Klf1+/+, Klf1+/- and Klf1-/- E13.5 foetal livers. Amplification plots 
display the threshold cycle (CT) of each gene. Whole RNA was extracted from E14.5 
litter-matched Klf1+/+, Klf1+/- and Klf1-/- foetal livers. Red, yellow and green curves 
represent 18S expression levels, purple curves represent expression levels of the adult 
β-globin genes, Hbb-B1 and Hbb-B2 in Klf1+/+ and Klf1+/- foetal livers, and pink curves 
represent expression levels of Hbb-B1 and Hbb-B2 in Klf1-/- cells. 
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Figure II.2. Real-time quantitative PCR amplification plots of murine Zbtb7a in 
various wild type tissues. Amplification plots display the threshold cycle (CT) of each 
gene. Yolk sac was harvested at E10.5, and foetal livers at E14.5. All adult tissues were 
harvested from mice aged between 10-12 weeks. Erythroid tissues were sorted with 
anti-TER119 Magnetic Microbeads. All other tissues were homogenized using a 
TissueLyserII. Whole RNA was extracted from the TER119+ erythroid cells, as well as 
the homogenized non-erythroid tissues. Red, yellow and green curves represent 18S 
expression levels, light and dark blue curves represent expression levels of the Zbtb7a 
in the various tissues, while the pink curves represent expression levels of Zbtb7a in 
negative RT controls. 
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Figure II.3. Real-time quantitative PCR amplification plots of murine embryonic 
β-globin genes in various Ter119+ wild type tissues. Amplification plots display the 
threshold cycle (CT) of each gene. Yolk sac was harvested at E10.5, and foetal livers at 
E14.5. All adult tissues were harvested from mice aged between 10-12 weeks. 
Erythroid tissues were sorted with anti-TER119 Magnetic Microbeads. All other tissues 
were homogenized using a TissueLyserII. Whole RNA was extracted from the 
TER119+ erythroid cells, as well as the homogenized non-erythroid tissues. Red and 
yellow curves represent 18S expression levels, light blue curves represent expression 
levels of the embryonic genes Hbb-y and Hbb-Bh1 in yolk sac and foetal liver samples, 
while the dark blue and purple curves represent expression levels of Hbb-y and 
Hbb-Bh1 in adult tissues and negative RT controls. 
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Figure II.4. Real-time quantitative PCR amplification plots of murine adult 
β-globin genes in various Ter119+ wild type tissues. Amplification plots display the 
threshold cycle (CT) of each gene. Yolk sac was harvested at E10.5, and foetal livers at 
E14.5. All adult tissues were harvested from mice aged between 10-12 weeks. 
Erythroid tissues were sorted with anti-TER119 Magnetic Microbeads. All other tissues 
were homogenized using a TissueLyserII. Whole RNA was extracted from the 
TER119+ erythroid cells, as well as the homogenized non-erythroid tissues. Red and 
yellow curves represent 18S expression levels, dark blue curves represent expression 
levels of the adult globin genes Hbb-B1 and Hbb-B2 in adult samples, while the light 
blue represent expression levels in E14.5 foetal liver, and pink curves represent 
expression levels in E10.5 yolk sac and negative RT controls. 
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Appendix III 

The following figures depict ZBTB7A binding to various loci in K562 and CD34+ bone 

marrow cells differentiated toward the erythroid lineage at two separate time points, 

compared to the input for each sample. The inputs for each time point of the bone marrow 

samples have been combined into a single track, while for K562s, each input is displayed 

under the corresponding sample. 

 

Figure III.1. ZBTB7A binding is enriched at the promoters of KLF1 above 
background pulldown of input samples in human cells. ChIP-Seq peaks were 
viewed using IGV v2.3 and indicate that ZBTB7A binds to the promoters of both 
KLF1. This binding is seen across all K562 and bone marrow samples. The asterisks 
indicate the positon of the promoters and the arrows indicate the direction of 
translation. The enrichment of binding at this promoter above input can be seen across 
all samples. 
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Figure III.2. ZBTB7A binding is enriched at regulatory regions of the β-globin 
locus above background pulldown of input samples. ChIP-Seq data revealed that 
ZBTB7A binds to the DNase Hypersensitive sites of the β-Locus Control Region 
(LCR) across both K562 and bone marrow samples, as well as the -200 site of the both 
the γ-globin promoters in all K562 replicates. The asterisks indicate the positon of the 
promoters and the arrows indicate the direction of translation. The enrichment of 
binding at this promoter above input can be seen across all samples. 
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