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ABSTRACT 

CR2 is a cell surface protein marker expressed on mature B cells. Together with the B 

cell receptor, it functions to lower the threshold for B cell activation. Expression of CR2 

is tightly regulated throughout B lymphopoiesis: CR2 is not expressed on pre-B cells, nor 

on terminally differentiated, antibody-producing plasma B cells. Expression of CR2 on 

mature B cells is important for appropriate B cell function and dysregulation has been 

implicated in autoimmune diseases, as well as blood cancers. B cell development requires 

a myriad of diverse signals, including appropriate Notch pathway signalling. Despite its 

importance, the effect of Notch signalling on regulation of CR2 expression through 

maturation of pre-B to mature B cells is currently unknown. 

To further elucidate the role of Notch in B cell maturation, a DLL1-expressing OP9 

stromal co-culture system was utilised to examine the impact of Notch signalling on 

non-CR2 expressing pre-B cells. Notch activated pre-B cells demonstrated increasing 

CR2 mRNA expression over time. Utilising flow cytometric analysis, a small number of 

Notch activated pre-B cells were observed that expressed CR2 on the cell surface. Notch 

activated mature B cells also demonstrated increased CR2 mRNA expression, with a 

concomitant increase of CR2 surface expression.  

The observation of increased CR2 mRNA expression in pre-B cells prompted an 

investigation into chromatin accessibility changes of the CR2 gene, following Notch 

activation. A prior study had identified CBF1 binding within a regulatory region localised 

to the first intron of the CR2 gene, termed the CR2 silencer (CRS). As such, we examined  

changes in chromatin accessibility of both the CR2 promoter and CRS, following Notch 

activation. We observed that the CR2 regulatory regions (CR2 promoter and CRS) were 

more accessible in CR2-expressing mature B cells than in non-CR2 expressing pre-B 

cells. Notch activation resulted in the CR2 regulatory regions being more accessible 

following three to seven days of co-culture. This increase in chromatin accessibility 

corresponded with increased CR2 mRNA expression. However, following nine 

continuous days of co-culture, the CR2 regulatory regions reverted to their nascent 

inaccessibility state.  

The Notch signalling pathway is known to function through the transcription factor, 

CBF1. Bioinformatic analysis within our laboratory identified putative binding of CBF1 

at two regions within the promoter of the CR2 gene. Thus, we investigated the 

functionality of both putative CBF1 binding sites within the CR2 promoter. Using in vitro 



 

v 

 

luciferase reporter assays, both CBF1 binding sites were identified to be functional in 

maintaining appropriate basal CR2 transcriptional activity in both pre-B and mature B 

cells. Upon Notch activation, increased CR2 transcriptional activity was observed in both 

pre-B and mature B cells, in line with co-culture results. Utilising successive 5’ CR2 

promoter deletion co-transfection in pre-B and non-lymphoid cells, important functiona l 

motif within the CR2 promoter were identified. Additionally, induction of Notch 

signalling with 5’ CR2 deletion co-transfection demonstrated Notch-specific functiona l 

motifs within the CR2 promoter in pre-B cells, distinct from the putative CBF1 sites 

identified. Interestingly, the in vitro data demonstrated that the proximal CBF1 site within 

the CR2 promoter was not solely responsible for the observed increased CR2 

transcriptional activity. Deletion of the CR2 promoter in these studies allowed 

identification of important lymphoid-specific regulatory regions within the CR2 

promoter. EMSA data demonstrated in vitro sequence-specific binding of CBF1 to the 

distal cognate site, with stage-specific CBF1 binding differences observed between pre-B 

and mature B cells. Whilst in vitro binding of CBF1 to the proximal cognate site was not 

detected using EMSA, bioinformatic analysis predicted putative binding of other 

transcription factors to the proximal CBF1 site and potential interaction of Notch 

signalling with other biological pathways. 

Overall, we have provided insight into the molecular mechanism of CR2 transcriptiona l 

activation during pre-B cell to mature B cell transition. Activation of CR2 transcript ion 

in pre-B cells is partially regulated by Notch signalling, wherein the chromatin 

environment surrounding CR2 regulatory regions become more accessible and appears to 

poise the gene for transcription. This work has also revealed the complexity of Notch 

signalling in regulating CR2 expression in pre-B and mature B cells.  
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General Introduction
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1.1 Notch signalling – a dictator of cell fate 

The development of progenitor stem cells to highly specialised cell types requires the 

tight regulation and orchestration of multiple signals. One important signalling pathway 

involved in development of multiple tissues is the Notch signalling pathway. The Notch 

pathway is highly conserved from invertebrates, such as the fruit fly (Drosophila 

melanogaster), to vertebrates, including mouse (Mus musculus) and human (Homo 

sapiens). This evolutionarily conserved pathway was first identified in mutated fruit flies 

demonstrating notches in their wings. Further studies using the fruit fly model identified 

that the Notch pathway was involved in the development of sensory organs within the 

peripheral nervous system1,2. In mammals, Notch signalling is involved in dictating the 

fate of multiple cell types. Using different animal models, it has been established that 

Notch is involved in embryogenesis and somitogenesis, development of the central 

nervous system (neurogenesis and gliogenesis), the cardiovascular system 

(cardiogenesis), the pancreatic system (pancreatic organogenesis), as well as 

haematopoiesis (Reviewed in Bolós et al.3 and Siebel & Lendahl4). 

1.1.1 Components of the Notch signalling pathway 

A single Notch receptor, has been identified in Drosophila, which interacts with ligands 

from either the Delta or Serrate families5. In contrast, humans and most other mammals 

(including the mouse) express four isotypes of Notch receptor (Notch1-4) and five 

families of Notch ligand (Delta-like1, Delta-like3, Delta-like4, Jagged1 and Jagged2)2,3. 

Binding of any Notch receptors in the target cell, with any of the cognate ligands of the 

signalling cell, activates the Notch signalling pathway. Due to the high degree of 

nucleotide and protein sequence similarities of the receptors and ligands between mouse 

and human (Figure 1.1), mouse models have been utilised extensively to expand our 

understanding of the role of Notch signalling in the development of different tissue types. 

Additionally, the use of other common animal models including rat (Rattus norvegicus), 

zebrafish (Danio rerio) and nematodes (Caenorhabditis elegans), have proven useful in 

understanding of Notch signalling pathway. 
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Figure 1.1: The Notch receptors and ligands are highly conserved across multiple  

species. 

A) There are four Notch receptors in human and mouse. The human Notch receptors are 

shown in the red boxes. 

B) There are five Notch ligands in both the human and mouse; Jagged1, Jagged2, 

Delta-like1, Delta-like3 and Delta-like4. The human Notch ligands are shown in the red 

boxes. The Drosophila Notch ligands (Delta and Serrate) are indicated by the arrows. 

Figures were obtained from the TreeFam gene tree database6. 
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1.1.2 Knockout of Notch signalling components is embryonically lethal 

Since Notch signalling is involved in a plethora of developmental pathways, the knockout 

of genes involved in the Notch signalling pathway has been shown to be fatal (Table 1.1). 

Indeed, early independent studies by both Swiatek7 and Conlon8 showed that knockout of 

the Notch1 gene in mouse was embryonically lethal at 9.5 days of gestation (Table 1.1). 

Both studies demonstrated that Notch1 is required for normal embryonic development. 

Subsequent experiments by Hamada and collaborators9 generated a Notch2 knockout 

mouse model and observed no viable homozygous Notch2 mutant embryos by day 11.5 

of gestation, with developmental impairments occurring by day 10.5 postimplantation9  

(Table 1.1). 

Interestingly, unlike the Notch1 knockout mouse model, there was no somite defects 

observed in Notch2 knockout mice, suggesting that both Notch receptors regulate 

different aspects of mouse embryogenesis. Whilst both Notch1 and Notch2 knockout 

murine models were embryonically lethal, Notch3 knockout mice produced viable and 

fertile offspring (Table 1.1). Krebs and colleagues10 generated a double Notch1 and 

Notch3 knockout mouse model, which demonstrated identical fatality as observed by 

Swiatek and co-workers7, showing that Notch3 was not required for embryogenesis1 0  

(Table 1.1). However, subsequent studies by Domenga and colleagues11 identified that 

Notch3 was important for appropriate vascular development, as the Notch3 knockout 

mouse displayed arterial deformities through delayed maturation of vascular smooth 

muscle cells11 (Table 1.1). 

Similarly, Notch4 knockout mice generated by Krebs and colleagues12 were also viable 

and fertile, with no visible deformities12 (Table 1.1). A double Notch1 and Notch4 

knockout mutant mouse was also demonstrated to be embryonically lethal. However, in 

contrast to the Notch1 knockout model by Swiatek and co-workers7, more severe 

deformities and less somites were observed, suggesting that both Notch1 and Notch4 have 

overlapping roles in murine embryogenesis12 (Table 1.1). 

Controversially, a recent study by James and colleagues13 suggested the Notch4 knockout 

mouse model produced by Krebs and colleagues12 might not be a true null mutation. The 

Krebs’ mouse model was generated by disruption of several exons encoding the 

extracellular domain of the Notch4 surface receptor. This produced a dysfunctiona l 

Notch4 receptor with higher expression than those of the wild-type (WT). This 

dysfunctional Notch4 receptor is believed to negatively regulate Notch1 function during 
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Table 1.1: Knockout mouse models of the Notch signalling pathway 

Knockout Genotype Embryonic 

lethality 

Developmental 

impairment 

References 

Notch1 -/- Yes (E9.5) Somitogenesis 

Neurogenesis 
Developmental 

impairment 

7,8 

Notch2 -/- Yes (E11.5) Wide-spread pycnosis 
and apoptosis 

9 

Notch3 -/- No Vascular and arterial 

development 

11 

Notch1 & 

Notch3 

Notch1: -/- 
Notch3: -/- 

Yes (E9.5) See Notch1 10 

Notch4 -/- No Vasculature of 

embryonic head 

12,13 

Notch1 & 

Notch4 

Notch1: -/- 
Notch4: -/- 

Yes (E10.5) Vascular development 
Developmental 
impairment (more severe 

than Notch1 knockout) 

12 

Dll1 -/- Yes (E10 – 
E12) 

Somitogenesis 14 

Dll3 -/- Yes (~20%) Somitogenesis 

Skeletal deformities 

15 

Dll4 -/- Yes (E8.5) Vascular and arterial 
development 

16 

Dll4 +/- Yes (E9.5 – 

E10.5) 

Vascular and arterial 

development 

16-18 

Jag1 -/- Yes (E10.5) Vascular development 19 

Jag2 -/- Yes (E10.5) Craniofacial and skeletal 
deformities 

20,21 

Cbf1 -/- Yes (E8.5) Somitogenesis 

Placenta defects 

72 

Adam10 -/- Yes (E9.5) Somitogenesis 
Heart and neural defects 

62 

Tace -/- Yes (E9.5) Eyes and lungs defects 61 

-/-: Homozygous Knockout; +/-: Heterozygous Knockout; Adam10: A disintegrin and 

metalloproteases 10; Cbf1: C-promoter binding factor 1; Dll: Delta-like; 

E: postimplantation days; Jag: Jagged; Tace: ADAM17/Tumor-necrosis-factor (TNF) α 

converting enzyme. 
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embryogenesis. Conversely, the James’ mice replaced the entire coding region of the 

Notch4 gene with the LacZ reporter gene. This mouse was viable and fertile, with low 

expression of Notch4 observed in the tail bud and vasculature of the embryonic head, 

demonstrating a role for Notch in vascular development13 (Table 1.1).  

Many groups have also studied the roles that Notch ligands play in embryonic 

development (Table 1.1). Mutation of the Delta-like1 (Dll1) gene was shown to be 

embryonically lethal through the seminal paper by de Angelis and co-workers14. Dll1 

knockout mutant embryos died by day 12 postimplantation, with defects in the boundary 

of somites observed14 (Table 1.1). 

Delta-like3 (Dll3) function was elucidated through a mouse model with the pudgy 

phenotypic mutation that was generated via a mutagenesis screen. This pudgy mutation 

was mapped to the Dll3 gene, which resulted in approximately 20% embryonic lethality 

in homozygous Dll3 knockout mice. Examination of the embryos demonstrated that the 

disruption in somite formation resulted in skeletal anomalies in surviving adult mice, thus 

demonstrating the importance of the Dll3 gene in somitogenesis15 (Table 1.1). 

Similar to the effects of Dll1 knockout, the Delta-like4 (Dll4) knockout is also 

embryonically lethal, as identified by three independent teams. In all three reports, an 

extremely low number of heterozygous Dll4 mutant mice were born, which led to the 

investigation of the role of Dll4 in embryogenesis. Vascular and arterial deformities were 

frequently observed at day 9.5 postimplantation, which ultimately resulted in the death of 

many embryos, indicating the importance of Dll4 in vascular formation during 

embryogenesis16–18 (Table 1.1). In the study by Duarte and colleagues16, generation of 

homozygous Dll4 knockout mouse embryos demonstrated a more exaggerated 

impairment on embryo development in the absence of Dll416 (Table 1.1). 

Normal murine development also requires expression of the Serrate-related family of 

ligands; Jagged1 (Jag1) and Jagged2 (Jag2). Whilst it was revealed by Xue and 

co-workers19 that Jag1 knockout did not affect somitogenesis, there were abnormalit ies 

in the development of vascular networks and haemorrhaging, resulting in embryonic 

death by day 10.5 of gestation19 (Table 1.1). Sidow and colleagues20 identified a mutation 

in the Jag2 gene causing syndactylism (limb digit fusion) in a mouse model, highlighting 

Jag2 role during skeletal development20. This role was further verified by Jiang and 

co-workers21 when they attempted to produce a homozygous Jag2 knockout mouse 

model. These mutant mice died at 18 days of gestation. Analysis of embryonic 



 

8 
 

development revealed that the mice had limbs defects, craniofacial deformities and 

disrupted populations of a subset of T cells within the thymus21. 

Taken together, these seminal papers demonstrate the importance of the Notch signall ing 

pathway in many different aspects of foetal development. Due to the early embryonic 

death seen in these knockout mouse models, many research groups have since adopted 

the use of conditional knockout mouse models to investigate the role of Notch signall ing 

in different aspects of developmental biology. 

1.1.3 Notch receptors and ligands structure 

In order to understand the role of Notch signalling in development, there is a need to 

uncover the molecular mechanism of this signalling pathway. Research into the structure 

of the Notch receptors and ligands has provided insights into the intricate mechanism of 

Notch activation and understanding of the underlying pathology for Notch-related 

diseases.  

1.1.3.1 Structure of the human Notch receptors 

All four human Notch receptors are single-pass transmembrane surface proteins that share 

common structural and functional domains3. The receptors comprise an extracellular 

ligand-binding domain, and an intracellular signal transduction domain (ICN)5 

(Figure 1.2). The Notch precursor protein is first translated as a single chain polypeptide . 

This is then cleaved by a furin- like convertase at the S1 site to yield two fragments that 

are kept in association through noncovalent interactions22. Cleavage of the full- length 

polypeptide into the heterodimerised fragments occurs within the golgi apparatus, before 

the receptor is transported to the cell surface and expressed23. 

Similar to the sole fruit fly Notch receptor, the extracellular domain of the human Notch 

receptors contains epidermal growth factor like (EGF-like) repeats that are cysteine-

rich24. Specifically, in both human and mouse, the NOTCH1 and NOTCH2 receptors 

contain 36 EGF-like repeats, whilst NOTCH3 and NOTCH4 receptors contain 34 and 29 

EGF-like domains, respectively23,25–28 (Figure 1.2). Each EGF-like domain is composed 

of approximately 40 amino acids. Six cysteine residues are located at approximately the 

same position within the domain to create a repeating pattern in all EGF-like domains. 

Binding of the Notch receptor’s EGF-like domain to its cognate ligand results in 

activation of the Notch signalling pathway5.  
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Figure 1.2: Protein structure of the four human Notch receptors.  

The four human Notch receptors (NOTCH1-4) are structurally similar. All receptors possess extracellular EGF-like domains and all four receptors share 

similarity in the intracellular domain, but NOTCH4 lacks the TAD domain. EGF: Epidermal growth factor; LNR: lin-12/Notch repeats; HD: 

Heterodimerisation domain; NRR: Negative regulatory region; RAM: RBPjκ association module; NLS: Nuclear localisation signal; TAD: Transcriptiona l 

activation domain; PEST: Proline (P), Glutamic acid (E), Serine (S), Threonine (T) rich domain. Figure adapted from Bolós et al.3 

 



 

10 
 

Within the extracellular domain is another set of three cysteine-rich motifs, named the 

Lin-12/Notch repeats (LNR)25,29. This region has been demonstrated to prevent 

ligand- independent Notch activation, by blocking proteolysis of the Notch receptor30 

(Figure 1.2, LNR).  

At the carboxyl end of the extracellular domain lies a heterodimerisation (HD) domain, 

which allows association of the extracellular domain and intracellular domain of the 

receptor protein following S1 furin- like cleavage. This domain spans the N-terminus of 

the extracellular domain to the C-terminus of the intracellular domain fragment. Within 

the HD domain lie two cleavage sites, S2 and S3, that are important for activation of the 

Notch signalling pathway31 (Figure 1.2, HD).  

In combination, the LNR and the HD domains form the negative regulatory region (NRR) 

(Figure 1.2, NRR). The NRR plays an important role in conferring resistance to 

proteolytic cleavage in the absence of interaction between the Notch receptor and 

ligand32.  

At the N-terminal region within the ICN lies the RBPjκ association module (RAM) 

domain (Figure 1.2, RAM). The RAM domain interacts with C-promoter binding factor 

1 (CBF1), a transcription factor that is bound to Notch target genes33. CBF1 is also 

referred to as RBPjκ in some instances. 

The RAM domain is followed by a set of seven ankyrin repeats, which is highly conserved 

in many species32,34. The interaction between the RAM domain and CBF1 has been 

identified to be stronger than the ankyrin repeats with CBF133,35,36. Nonetheless, whilst 

the RAM domain is essential for the interaction with CBF1, the ankyrin repeats have been 

identified to be important for activation of the ICN with the CBF1 activation complex3 4 . 

Through experiments where the ankyrin repeats were deleted, interaction between ICN 

and CBF1 was abolished, resulting in loss of transactivation of Notch signalling35. The 

ankyrin repeats are flanked by nuclear localisation signal (NLS) motifs, which play an 

essential role in the localisation of ICN into the nucleus for activation of the Notch 

pathway37 (Figure 1.2, Ankyrin + NLS).  

Within the C-terminal region of ICN lies the transcriptional activation domain (TAD). 

The TAD is capable of autonomous activation, following binding of histone modifying 

proteins. This results in an increase in accessibility of target DNA regions for 

transcriptional activation34,38. This motif is found in NOTCH1 and NOTCH2, with 
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NOTCH3 having a dissimilar TAD-like domain39. However, the TAD is not found in 

NOTCH440 (Figure 1.2, TAD). 

At the C-terminus of the ICN of all four Notch receptors lies the proline (P), glutamic 

acid (E), serine (S) and threonine (T) region, more commonly termed the PEST domain 

(Figure 1.2, PEST). This region is important in regulating degradation rate of the ICN41. 

Multiple studies in leukaemic cells have identified nonsense and frameshift mutations 

within the PEST domain, which stabilises ICN, thereby disrupting normal Notch 

signalling42. 

1.1.3.2 Structure of the human Notch ligands 

Like the Notch receptors, human (and other mammalian) Notch ligands also have 

orthologs in fruit fly, which can be grouped into two classes; Jagged and Delta- like 

family. Within the Jagged ligand family, there are two isotypes (JAG1 and JAG2), whilst 

in the Delta-like family, there are three known isotypes (DLL1, DLL3 and DLL4). These 

ligands are single-pass transmembrane proteins with a short intracellular domain43.  

All Notch ligands share EGF-like domains in the extracellular region (Figure 1.3, EGF-

like domains). At the N-terminal end of all Notch ligands is a highly conserved 

Delta/Serrate/LAG-2 (DSL) domain, involved in interaction with their cognate Notch 

receptor44,45. This region is crucial for transactivation of the Notch signalling pathway 

upon binding the Notch receptor45,46.  

At the N-terminal end of the ligand lies EGF-like domains. Both JAG1 and JAG2 contain 

16 EGF-like domains, whilst the Delta-like ligands contain either 8 EGF-like domains 

(DLL1 and DLL4), or 7 EGF-like domains (DLL3)47–51. One distinguishing feature 

between the two families of Notch ligand, is the presence of a 24 amino acid insertion 

after the 10th EGF-like domain in JAG1 and JAG247,48. This insertion is not found in any 

of the Delta-like ligands (Figure 1.3). Another distinctive feature separating the two 

ligand families is the presence of a cysteine-rich domain downstream of the EGF-like 

motifs, unique to the Jagged family ligands47,48. 
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Figure 1.3: Two different families (Delta-like and Jagged) of Notch ligands are 

expressed in human. 

All human Notch ligands of both the Delta-like and Jagged families contain a DSL. The 

Notch ligand families can be distinguished by the number of EGF-like extracellular 

domains in the Notch ligands. Unique to the Jagged family is a 24 amino acids insertion 

between the 10th and 11th EGF-like domains of JAGGED1 and JAGGED2. The CR region 

is another unique feature of the Jagged family ligands. DLL: Delta-like; DSL: 

Delta/Serrate/LAG-2 domain; EGF-like: Epidermal growth factor-like. Figure adapted 

from Bolós et al.3 
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1.1.4 Activation of the canonical Notch signalling pathway 

Activation of the Notch signalling pathway requires physical interaction between a Notch 

receptor and a Notch ligand (Figure 1.4). Furthermore, the interaction between different 

Notch receptors and ligands elicit different responses in cells that is believed to be cell-

context dependent52. Through several crystallographic and functional studies, it is now 

clear that interaction between the DSL domain of a Notch ligand and the EGF-like 

domains 11 and 12 of a Notch receptor activates the Notch signalling pathway53,54. Many 

studies have isolated protein crystals to provide evidence of interaction between 

NOTCH1 EGF11 – 13 with DLL4 to show that there is an antiparallel interaction between 

the Notch receptor and ligand45,55.  

It is currently understood that the Notch receptor NRR adopts a cap-like conformation in 

its native state, which protects the HD from cleavage at the S2 site. Such evidence was 

presented by Gordon and co-workers56 through the crystallographic study of the human 

NOTCH2 NRR. This data demonstrated that the NOTCH2 LNR wraps around the HD to 

sterically inhibit S2 cleavage56. Upon receptor-ligand interaction, the ligand “pulls” the 

receptor, thereby exposing the NRR for S2 cleavage57. It was first hypothesised by Parks 

and colleagues57 that endocytosis of the bound receptor-ligand was crucial for the 

activation of the Notch pathway57. Nichols and co-workers58 provided in vivo evidence 

of the proposed model showing endocytosis of the external portion of the Notch receptor 

bound to ligand (DLL1) in murine cell lines58. The S2 cleavage step has been identified 

as the rate-limiting step for release of the ICN59,60 (Figure 1.4). This step occurs on the 

surface of the Notch-activated cell. Two metalloproteases of a disintegrin and 

metalloproteases (ADAM) family have been identified to be involved in the site S2 

cleavage: ADAM10 and ADAM17/TNF-α converting enzyme (TACE)59,61. Brou and 

collaborators59 purified TACE from the S2 cleaved site in vitro. However, purified 

ADAM10 did not show S2 cleavage activity in vitro. Furthermore, it was demonstrated 

that mouse myeloid cells showed defective differentiation when Tace was knocked out, 

as these cells depend on Notch signalling for lineage commitment59. In contrast, van 

Tetering and co-workers61 provided evidence (by knocking out both Adam10 and Tace in 

a mouse fibroblast cell line) that depletion of Tace in conjunction with Notch activation 

did not affect S2 cleavage, but Adam10 depletion did61. Interestingly, the knockout of 

either Adam10 or Tace is embryonically lethal, albeit with different degree of severity; 

Adam10 knockout mice died at embryonic day 9.5, whilst most Tace knockout mice died 

between embryonic day 17.5 and birth62,63. Additionally, it was only in Adam10 knockout 
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Figure 1.4: Activation of Notch signalling results in the transcription of CBF1-bound Notch target genes.  

Interaction of Delta-like1 (DLL1) DSL domain with the 10th and 11th EGF-like domain activates endocytosis by the signaling cell. This exposes the S2 

site for cleavage by ADAM10 or TACE. Prior to Notch activation, Notch target genes are silenced by the recruitment of corepressors to CBF1. S2 

cleavage exposes key amino acids to S3 cleavage by γ-secretase. This step releases ICN into the nucleus of the target cell, where ICN binds to CBF1 

and displaces corepressors and upregulating Notch target genes. ADAM10: A disintegrin and metalloprotease 10; CBF1: C-promoter binding factor 1; 

DSL: Delta/Serrate/LAG-2; EGF-like: epidermal growth factor-like; ICN1: Intracellular domain of Notch 1; TACE: ADAM17/Tumor necrosis factor-α 

converting enzyme. 
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embryos that similar defects to the Notch receptor knockouts were observed (i.e. somite,  

heart and neural defects) (Table 1.1). This evidence suggests a cell context-dependent 

mechanism of S2 cleavage, or the potential role of other currently unidentified enzymes 

involved in this process. 

Sequentially, cleavage at the S2 site further exposes the remaining ICN for cleavage at 

the S3 site. Presenilin-dependent γ-secretase has been identified to be involved, releasing 

ICN into the nucleus for activation of Notch target genes64,65. Tagami and colleagues6 5  

found diversity at the S3 cleavage site, as cleavage of the ICN was not fixed at a specific 

amino acid residue65. Furthermore, the various ICN fragments display differing half-lives 

and Notch activity, suggesting that this may reflect a mechanism of regulating Notch 

activation65. The release of ICN and transport into the nucleus is regulated by NLS and 

mediated by the importin transport complex66.  

1.1.4.1 Molecular activation of Notch target genes 

Prior to Notch activation, CBF1 recruits co-repressors to silence expression of Notch 

target genes. Upon translocation into the nucleus, ICN binds to CBF1-associated Notch 

target genes. CBF1 functions as the tethering point for binding of appropriate 

transcription factors to elicit cognate regulatory response, regardless of whether Notch 

signalling is activated. However, activation of Notch signalling results in binding of ICN 

to CBF1, displacing co-repressors and recruiting co-activators, thereby de-repressing 

expression of Notch target genes2.  

Early studies have identified the Hairy enhancer of split (HES) and HES-related with 

YRPW motif (HEY) genes as Notch target genes67,68. The presence of cognate CBF1 

binding sites, within the promoters of both genes, have thus allowed HES and HEY genes 

to serve as positive controls in multiple studies on the activation of Notch signalling69,70.  

1.1.4.2 Structure of the multifaceted CBF1 transcription factor 

The human CBF1 protein was first identified within a B cell line and demonstrated a high 

degree of evolutionary conservation in the coding sequence between human and 

mouse71,72. The importance of CBF1 in development, specifically embryogenesis, is also 

highlighted in the seminal work by Oka and collaborators73. Surprisingly, death of Cbf1 

knockout mice occurs at 8.5 days postimplantation, which is earlier than the phenotype 

observed in the Notch knockout mouse model, suggesting additional roles of CBF1 in 

embryogenesis73 (Table 1.1).   
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CBF1 has been shown to directly bind to its cognate recognition DNA sequence (5’-

CGTGGGAA-3’)74–76. The CBF1 protein comprises three domains; N-terminal domain 

(NTD), beta-trefoil domain (BTD) and C-terminal domain (CTD). Both the NTD and 

CTD share structural similarity to the Rel family of transcription factors which includes 

NFAT and p52, a subunit of the nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) complex. However, the structure of the BTD distinguishes CBF1 from the 

Rel family proteins72. Contact between CBF1 and DNA occurs solely between the NTD 

and BTD, with no contact with the CTD72,77. Biochemical and structural analysis has 

revealed that the RAM domain of ICN contacts the CBF1 at the BTD, allowing the BTD 

to serve as a tethering point for ICN36,72.  

1.2 Haematopoietic stem cells – the origin of blood 

All cell types circulating within the blood are derived from haematopoietic stem cells 

(HSCs). Residing within the bone marrow, these multipotent stem cells have the ability 

to give rise to cells of different haematopoietic lineage and to maintain a pool of 

undifferentiated HSC within their niche in a process known as self-renewal78. In the 

current paradigm of the process termed haematopoiesis, HSCs differentiate in a stepwise 

progression into blood cells with different functions ranging from blood clotting 

(megakaryocytes), and transport of oxygen (erythrocytes), to providing immunity against 

a multitude of pathogens (Figure 1.5). HSCs are maintained in a self-renewing state until 

there is a requirement to replenish the pool of cells within the blood, which sees HSCs 

transition into multipotent progenitors (MPPs). The MPPs then commit to one of two 

lineages and differentiate into either the common myeloid progenitors (CMPs) or the 

common lymphoid progenitors (CLPs)79,80. CMPs further bifurcate into 

megakaryocyte/erythocyte progenitors (MEPs) and granulocyte/macrophage progenitors 

(GMPs), which give rise to megakaryocytes and erythrocytes, or granulocytes and 

macrophages, respectively81,82. Conversely, CLPs differentiate into natural killer (NK) 

cells, B and T lymphocytes83,84. Interestingly, a subset of immune cells, known as 

dendritic cells, have been identified to derive from both the CMPs and CLPs85. The ability 

for HSCs to either self-renew or differentiate into various blood cell types  is intrica te ly 

governed by a plethora of signals, such as Notch signalling, and the surrounding 

microenvironment (Reviewed in Cvejic86 and Ivanovs et al.87).  
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Figure 1.5: Development of haematopoietic stem cells (HSCs) results in the 

generation of multiple different cell types. 

Haematopoietic stem cells (HSCs) have the ability of self-renewal, as well as 

differentiation into a variety of blood cell types. Upon lineage commitment, HSCs 

differentiate into multipotent progenitors (MPPs), which are the precursor cell type for 

common myeloid progenitors (CMPs) and common lymphoid progenitors (CLPs). In the 

CMP lineage, CMPs differentiate into megakaryocyte/erythrocyte progenitors (MEPs) 

and granulocyte/macrophage progenitors (GMPs) that give rise to megakaryocytes, 

erythrocytes, monocytes/macrophages or the granulocytes (basophils, eosinophils and 

neutrophils). On the other hand, CLPs can differentiate into natural killer cell, T or B 

cells. Lastly, dendritic cells can arise from either a myeloid or lymphoid lineage. Figure 

adapted from Laurenti & Göttgens80. 
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1.2.1 Notch signalling is involved in HSC self-renewal 

A key feature of the HSCs is their ability for self-renewal. However, this process relies 

on HSCs interactions with the surrounding microenvironment. A myriad of signals 

governs the decision of HSCs to maintain themselves in a multipotent state, or to init iate  

differentiation into the multiple types of blood cells. It is not fully understood how the 

multitude of signals govern this selection process. Notch signalling is known to play a 

role in maintaining HSCs in a self-renewal state. Specifically, both NOTCH1 and 

NOTCH2 have been shown to be expressed on HSCs, and interact with JAG1, JAG2,  

DLL1 and DLL4 expressed on the surrounding stromal cells within the bone marrow88–

91.  

Both in vitro and in vivo gain-of-function experiments activating Notch signalling have 

demonstrated the ability of Notch to maintain HSCs in a self-renewal state89,92,93. 

Complementary in vitro and in vivo loss-of-function experiments of Notch signall ing 

demonstrate enhanced differentiation of HSCs into progeny cells94,95. Taken together, 

these data indicate the importance of Notch signalling as a mediator of HSC fate within 

the bone marrow microenvironment.  

1.3 B lymphocytes – antibody producing cells 

One lineage outcome of haematopoiesis is the production of B lymphocytes within the 

bone marrow. Our understanding of B cell development derives from studies on the major 

population of B cells, known as the B-2 B cells. However, there exists a separate 

population of B cells, termed the B-1 B cells that have a controversial origin in humans. 

These B-1 B cells are believed to arise early in foetal development, prior to the 

development of B-2 B cells, and reside within the peritoneal cavity. Whilst there is a large 

population of B-1 B cells during embryogenesis, the population decreases in adults with 

aging. Unlike the B-2 B cells, these B-1 B cells constitutively express antibodies and are 

identified by a different set of surface markers (Reviewed in Montecino-Rodriguez & 

Dorshkind96 and Rothstein et al.97). Unless otherwise stated, the B cells mentioned 

henceforth are the conventional B-2 B cells.  

B cells play a crucial role in conferring immunity, as they specifically recognise and bind 

to antigens through the B cell receptor (BCR). In turn, antigen-activated B cells undergo 

differentiation and clonal expansion into plasma cells that secrete antibodies specific for 

a target antigen, an important element of adaptive immunity. The commitment of CLPs 

into antibody-secreting plasma cells is a stepwise process tightly regulated by signals that 
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CLPs receive throughout maturation. Multiple regulatory mechanisms have been 

identified that drive CLPs towards the B lymphoid lineage (Figure 1.6). Specifica lly, 

cellular signalling initiated in the early stages of differentiation from the CLP is crucial 

for the priming and commitment of CLP to the B cell lineage. Additionally, timely 

expression of surface receptors is also key to the different stages of B cell development.  

1.3.1 Notch receptors are expressed during B lymphopoiesis  

Notch receptors are also expressed during different stages of B cell development. 

Analysis of foetal human B cells by Bertrand and co-workers98 revealed that NOTCH1 is 

expressed during early stages of B cell development (from pro-B to immature B cells), 

whilst NOTCH2 was only expressed in the late stages of pre-B cells, with no expression 

of NOTCH3 detected in any stages of early B cell development98. In contrast, Saito and 

colleagues99 showed that only Notch2 was expressed throughout B cell development 

(from pro-B to plasma cells)99. This difference in expression is likely to be due to the 

source of B cells obtained for analysis; foetal human bone marrow was analysed by 

Bertrand and co-workers98, whilst Saito and colleagues99 examined adult murine 

peripheral B cells. 

1.3.2 B lineage commitment is tightly regulated by an array of signals  

Whilst Notch signalling has been implicated in the differentiation of CLP towards the B 

cell lineage, there are other intrinsic and extrinsic factors involved in governing B cell 

lineage commitment (Figure 1.6). The current understanding of the roles of multiple B 

cell priming factors have been elegantly demonstrated by many groups through various 

loss-of-function and gain-of-function mutants (Reviewed in Nutt & Kee100 and Mandel 

& Grosschedl101). 

1.3.2.1 Transcription factors regulating CLP lineage commitment 

The differentiation process into B cells requires HSCs to lose their pluripotency by 

refining gene expression towards the CLP lineage. As such, early transcription factors are 

required to alter gene expression profiles that drive CLPs lineage commitment.  

The bifurcation of MPP into lymphoid lineage commitment is regulated by the expression 

of PU.1. This transcription factor is required to ensure that MPPs differentiate into CLP, 

but is not required for B cell lineage commitment102,103. Additionally, PU.1 is required to 

induce the surface expression of the interleukin-7 (IL-7) receptor (IL-7R)104,105. 
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Figure 1.6: Lineage commitment of B cells requires multiple transcription factor.  

Within the bone marrow, the transition from a multipotent progenitor (MPP) to a common lymphoid progenitor (CLP) requires regulation by Ikaros and 

PU.1. Early expression of the IL-7 receptor (IL-7R) on CLP and signalling through E2A, EBF1 and PAX5 are required for B cell lineage commitment. 

These transcription factors are also essential for the BCR heavy chain somatic recombination event (VHDJH) at the pro-B cell stage of development, 

which is then expressed as pre-BCRs on pre-B cells. At this stage of development, there is attenuation of IL-7R expression that is crucial for the somatic 

recombination of the BCR light chain that is expressed with the heavy chain as the BCR in immature B cells. Upon negative selection for self-antigen 

and leaving the bone marrow into the spleen, CR2 expression is induced in follicular and marginal zone B cells, albeit with differences in CR2 expression. 

Once B cells are terminally differentiated into plasma cells, CR2 expression is attenuated. BCR: B cell receptor; CR2: Complement receptor 2; HSC: 

Haematopoietic stem cells; IL-7: Interleukin-7. Figure adapted from De & Barnes106
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Another early transcription factor crucial to the development of lymphocytes is IKAROS. 

IKAROS plays an important role in driving early B lymphopoiesis. This was 

demonstrated by conditional knockout of Ikaros, which resulted in a block at the pre-B 

cell stage of development, as no mature B cells were detected. This data indicated that 

maturation beyond the pre-B cell stage was arrested107. Furthermore, the early expression 

of IKAROS drives expression of other B cell specific genes, including IL-7R. As a 

transcription factor, IKAROS primes B cell progenitors by inducing expression of B cell 

specific genes, whilst suppressing non-B cell specific genes (Reviewed in 

Sellars et al.108). 

Similarly, expression of E12 and E47 (collectively termed the E2A transcription factor), 

is required for B cell differentiation. Expression of E2A is required for early B lineage 

commitment, as observed by the decrease in pro-, pre- and immature B cells in conditiona l 

knockout mouse models109,110. Similarly, high expression of E2A during the early stages 

of B cell development (i.e. CLP to immature B cells), is an indication of the requirement 

of E2A in lineage commitment111. Importantly, E2A is required for downstream 

activation of the early B cell factor 1 (EBF1) transcription factor and sequentially, paired 

box protein 5 (PAX5) expression100,112.  

1.3.2.2 Transcription factors regulating B cell commitment 

Within the CLP lineage, these progenitors can take up different lymphoid cell fates, i.e. 

B, T or natural killer cells. To commit towards the B cell lineage, the genetic hierarchica l 

expression of B cell specific transcription factors is required to induce gene expression 

profiles specific for B cell maturation.  

Key to the survival and proliferation of the early B cell progenitor is the expression of 

IL-7R, which is first expressed at the pro-B cell stage113. Indeed, attenuation of IL-7 

signalling (through knockout of either IL-7 or IL-7R expression) has been shown to be 

detrimental for early development of B cells within bone marrow114,115. Binding of IL-7 

to its cognate receptor activates janus kinase (JAK) and signal transducer and activator of 

transcription proteins (STAT) signalling cascade and consequently, expression of 

EBF1115,116.  

EBF1 is a pioneer B cell factor which is active in early B cell development. This 

transcription factor has been identified to be required for the commitment of CLP into 

pro-B cells117,118. EBF1 is expressed in CLP and knockout of Ebf1 impairs development 

of pro-B cells in a knockout mouse model118–120. Expression of EBF1 is believed to be 
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first triggered by expression of the IL-7R. Indeed, this was observed in both Il-7 and Il-7r 

knockout mouse models, wherein the expression of EBF1 was decreased115. Interestingly, 

ectopic expression of EBF1 in the knockout mice partially rescued development of pro-B 

cells, suggesting that there is some redundancy in the role of both EBF1 and IL-7 

signalling in the early stages of B lymphopoiesis115.  

PAX5 is another B cell specific transcription factor that is important for B lineage 

commitment (Reviewed in Cobaleda et al.121). Unlike the aforementioned B cell specific 

factors, PAX5 is not expressed in CLP. Rather, expression of PAX5 is restricted to the B 

cell lineage from pro-B cells to mature B cells. However, once mature B cells differentiate 

into plasma cells, PAX5 expression is downregulated122. In the early stages of B cell 

development, PAX5 upregulates B cell specific genes, whilst suppressing expression of 

non-B cell specific genes to prime and drive lineage commitment of pro-B cells 

(Reviewed in Medvedovic et al.123). In the later stages of B cell development, PAX5 

functions to maintain B cells in this lineage124. Therefore, PAX5 serves an important role 

in ensuring lineage commitment through expression of B cell specific genes to prevent 

non-B lineage differentiation.  

1.3.3 Recognition of a variety of antigens requires generation of BCR diversity 

A surface receptor crucial for immune function of B cells is the immunoglobulin (Ig) 

molecule, termed the BCR. Importantly, expression of the BCR is key to recognising 

antigen. The BCR is comprised of two chains; heavy and light (Figure 1.7C). Through 

the process of genetic recombination and rearrangement, diversity of antigen recognit ion 

is generated113,125 (Figure 1.7A and 1.7B). Expression of the heavy chain as the pre-BCR 

is first observed in pre-B cells, whilst expression of the light and heavy chains occurs in 

the immature B cell population107,113,126. The process of recombination is initiated by the 

recombination activation gene (RAG) proteins (RAG1 and RAG2). Interestingly, 

IKAROS and PAX5 have also been identified to be involved in regulating heavy chain 

recombination, whilst E2A is involved in both heavy and light chain recombination 

events111,123,127.  
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Figure 1.7: Diversity of antigen recognition by the B cell receptor (BCR) is achieved 

through somatic recombination of the immunoglobulin gene loci.  

A) In the immunoglobulin heavy chain gene locus, there is a recombination of the 

diversity (D) and joining (J) gene segments, before recombining with the variable (V) 

gene segments in germline DNA within B cells. 

B) In the immunoglobulin light chain gene loci, there is a recombination between the V 

and J gene segments, as there is an absence of D gene segments within the loci. 

C) The BCR is a protein dimer from the translating mRNAs from (A) and (B) to form the 

heavy and light chain of the BCR, respectively. Both chains are held together by 

disulphide bonds.  

Figure adapted from Schatz & Ji125.
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1.3.4 Mechanism of self-tolerance of B cells 

Somatic recombination of the heavy and light chains of the BCR generates a plethora of 

different BCRs that recognise foreign antigen, as well as self. As such, there is a 

requirement to remove self-reactive immature B cells from the pool, before they circulate 

into secondary lymphoid organs. This involves a process of tolerance, where autoreactive 

B cells go through one of three mechanisms to prevent autoimmunity128. Firstly, B cells 

may undergo BCR editing to produce a new BCR that is not self-reactive. Secondly, 

immature B cells that bind to self-antigen in the bone marrow may be induced to undergo 

apoptosis. Lastly, immature B cells that have escaped negative selection from the bone 

marrow may be induced into an anergic state, which prevents reaction to self-antigen. 

These anergic B cells have been identified to possess a shorter lifespan than their non-

self-reacting counterparts (Reviewed in Wang & Clark126 and Nemazee128). Following 

negative selection, immature B cells exit the bone marrow into their secondary lympho id 

sites, including spleen and lymph nodes129. Within the germinal centres of the secondary 

sites, follicular B cells within the lymph node, and marginal zone B cells within the 

spleen, function to survey and protect the host from foreign and pathogenic antigens126.  

1.3.5 The function of BCR 

A repertoire of BCR is required for the recognition of foreign antigens. The BCR interacts 

with a heterodimeric co-receptor of two transmembrane proteins, Igα and Igβ, collective ly 

termed the cluster of differentiation (CD) 79 (CD79). The cytosolic tail of CD79 includes 

the immunoreceptor tyrosine-based activation motif (ITAM), which serves to initiate a 

cascade of B cell responses130. Activation of the BCR in mature B cells results in 

phosphorylation of conserved tyrosine residues within the ITAM. This phosphoryla t ion 

is mediated by the SRC-family of kinases, followed by an activation cascade that 

regulates genes for B cell antigen responses (Reviewed in Dal Porto et al.131). Recent 

evidence has also revealed that the actin cytoskeleton of the B cell plays an important role 

in regulating BCR signalling strength following activation. Specifically, there is a change 

in the cytoskeleton to bring the BCR into microclusters that serve to increase affinity of 

interaction by the SRC kinases within the cytoplasm of activated mature B cell (Reviewed 

in Harwood & Batista132 and Tolar133).  

Mediation of BCR activity is also achieved by co-receptors of the BCR, including the 

pan-B cell marker, CD19, that serves as a positive regulator for BCR activation134. This 

is attained by the phosphorylation of tyrosine residues within the cytoplasmic domain of 
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CD19, allowing for the recruitment of other SRC kinases, ultimately leading to the 

expansion of the activated B cells. Another co-receptor known to enhance BCR activation 

is the complement receptor (CR) 2 (CR2/CD21) (Reviewed in Del Nagro et al.135 and 

Wang et al.136).  

1.4 Complement Receptor 2 (CR2/CD21)  

CR2 functions as a critical component of the immune system through bridging the innate 

and adaptive immune systems. Furthermore, CR2 expression is tightly regulated during 

B cell development, as dysregulation of CR2 has been observed in some autoimmune 

diseases, including systemic lupus erythematosus (SLE)137,138. Indeed, ectopic expression 

of CR2 in pro-B cells has also been shown to block B cell development in vivo139.  

1.4.1 Genomic location of the CR2 gene 

The CR2 gene is approximately 35 kb in length and contains 20 exons140. CR2 lies within 

chromosome position 1q32, a region known as the regulators of complement activation 

(RCA) gene cluster, including C4BPA, C4BPB, DAF, CR1 and MCP, which are involved 

in the complement system141. It is believed that genes within the RCA gene cluster are 

evolutionarily related through duplication and divergence of an ancestral gene. Indeed, 

many of the genes within the RCA gene cluster share a common structural motif142.  

1.4.2 Expression pattern of CR2 

In humans, CR2 is expressed predominantly on B cells, with expression also observed on 

follicular dendritic cells (FDCs), as well as in a subset of T cells143–147. Within the B cell 

compartment, CR2 expression is tightly regulated (Figure 1.6). CR2 is not expressed in 

the pro-, pre- and immature B cell stages of development. However, upon escaping 

negative selection checkpoints within the bone marrow, mature B cells express CR2143. 

Indeed, surface expression of CR2 has been identified as a marker of B cell maturation. 

Mature B cells migrating from the bone marrow differentiate into either follicular or 

marginal zone B cells within secondary lymphoid organs. Both follicular and margina l 

zone B cells show differing levels of CR2 expression together with other markers that 

help identify the two subpopulations. Follicular B cells are typically classified as CD21mid 

CD23+, whilst marginal zone B cells are classified as CD21high CD23- (Reviewed by Pilla i 

& Cariappa148). Upon terminal differentiation of mature and activated B cells into plasma 

cells, CR2 expression is downregulated143 (Figure 1.6).  
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1.4.3 Structure of CR2 

CR2 is a single chain transmembrane glycoprotein of approximately 145 kDa, with a short 

intracellular tail149,150. As a member of the RCA gene family, the CR2 protein shares 

conserved patterns of four to thirty repeating motifs termed the short consensus repeats 

(SCR), where each SCR is made up of 60 – 70 amino acid residues141,151. Two protein 

isoforms have been identified; one with 15 SCRs and the other with 16 SCRs. These 

isoforms are produced through alternative splicing of the 11th exon of the CR2 gene giving 

rise to SCR-10a, which is only present in the longer isoform140. It has been shown that 

the shorter isoform (with 15 SCRs) is primarily expressed in B cell, whilst the longer 

isoform (with 16 SCRs) is expressed predominantly in FDC152. However, there have been 

no studies identifying the expression profile of the CR2 isoforms in CR2-expressing 

T cell subsets.  

1.4.4 CR2: A bridge between the innate and adaptive immune systems 

Antibodies produced by plasma cells are specific against an individual antigen. This 

process is an important part of the adaptive immune system. Adaptive immunity is highly 

specific in its recognition of antigen. However, eliciting a response can be slow compared 

to the other arm of the immune system, the innate immune system. Unlike the adaptive 

immune system, innate immunity can be triggered rapidly in response to antigen, but it 

lacks the specificity of adaptive immunity153. Combined, both the initial response of 

innate immunity, followed by the specificity of adaptive immunity are required to 

effectively combat pathogenic antigens.  

Both innate and adaptive immunity are intertwined in their activation through mult ip le 

mechanisms. One mechanism linking the innate and adaptive immune systems is the 

complement system that is comprised of more than 30 plasma proteins154,155. As a first 

line of defence against pathogens, the complement system can be activated by one of 

three mechanisms; the classical, lectin and alternative pathways (Figure 1.8).  

The classical pathway recognises lipopolysaccharides (LPS) and bacterial porins that are 

typically found on bacteria. Similarly, in the lectin pathway, mannose-binding lectin 

(MBL) recognises carbohydrate patterns that are rare in humans, but commonly expressed 

on bacteria and on the surface viruses. In a healthy human, there is a basal activation of 

the complement system. This basal activity can recognise the presence of carbohydrates, 

lipids or proteins on pathogens and rapidly activate the alternative pathway. Whilst 

initiation of the complement system differs between the three pathways, they ultimately 
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Figure 1.8: Activation of the complement system by different triggers results in one 

of three pathways to clear the antigen.   

The complement pathway can be activated by one of three pathways: the classical, lectin 

or alternative. The activation by the classical pathway results of C1q binding to antigen, 

resulting in the recruitment of C1r and C1s. In the lectin pathway, mannose-binding lectin 

(MBL) binds to antigen and recruits MBL-associated serine proteases (MASPs). In both 

the classical and lectin pathway, the aforementioned complement complexes cleave C4 

and C2 into C4b2a. In the alternative pathway, antigen recognition triggers Factor B to 

cleave C3b to C3bBb. Both C4b2a and C3bBb function as C3 convertase to cleave C3 to 

C3b and C3a. C3b binds with C4b2a or C3bBb to form the C5 convertases (C4b2a3b or 

C3bBb3b), which cleaves C5 to C5a and C5b. Both C3a and C5a causes inflammation to 

recruit immune cells. The C5b protein is able recruit C6, C7, C8 and polymers of C9 to 

form the membrane attack complex to cause cell lysis. Regulation of the complement 

pathway is regulated by clearing C3b, where Factor I and Factor H degrade C3b to iC3b, 

C3dg and finally C3d. Figure adapted from Merle et al.156 
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converge at the formation of the C3 convertase157,158. The activation of the complement 

system causes a cascade of protein cleavages that ultimately results in lysis of the 

microorganism, inflammation, or opsonisation of the microorganism for further clearance 

by the adaptive immune system (Reviewed in Merle et al.156,159) (Figure 1.8). 

Whilst the activation of the complement system is important for clearance of pathogen, 

there is also a need to regulate the complement system to prevent excessive response and 

self-tissue damage. Indeed, dysregulation of the complement system is responsible for 

several autoimmune diseases, including SLE155. A mechanism to downregulate 

complement activation targets the C3 convertase. Both Factors I and H are involved in 

ensuring regulation of C3 and therefore activity of the complement system155 (Figure 1.8). 

C3b is broken down by both Factors I and H to produce iC3b, C3dg and C3d, which are 

opsonins that bind to pathogens. CR2 has been identified to bind to the C3b cleave d 

products, thus serving as a link between innate and adaptive immunity160.  

CR2 expression on FDCs serves an important role in B cell mediated immune responses. 

Like B cells, FDCs are able to bind to C3d and this function is believed to enhance a 

strong antibody production by B cells161. As FDCs also reside within germinal centres,  

they play a role in presenting costimulatory signals to B cells through binding of the C3d-

opsonised antigen162. In contrast, the role of CR2 on T cells is yet to be elucidated.  

1.4.5 Function of CR2 in BCR activation 

As a link between the innate and adaptive immune systems, the cleavage products of C3b 

(first iC3b; then C3dg and finally C3d) serve as an opsonin binding to antigens, which is 

then recognised by CR2149,150. Crystallographic evidence has validated the interaction 

between C3d and CR2. Interestingly, this data revealed that it is the first and second SCR 

(SCR1-2) that interacts directly with C3d163. On the surface of B cells, CR2 interacts with 

CD19, CD81 and the BCR to form a non-covalent trimolecular complex164 (henceforth 

termed the BCR complex) (Figure 1.9). Whilst the BCR is able to recognise a specific 

antigen, the presence of antigen opsonised with C3d enhances antigen recognition16 5 . 

Indeed, the BCR complex has a lower threshold of antigen recognition than with BCR 

alone165. This was first identified by Dempsey and collaborators166, who showed that the 

activation of B cells was enhanced 1000 to 10,000-fold when C3d was conjugated to a 

hen egg lysozyme antigen166. Additionally, positive regulation of CR2 on B cell activity 

has also prompted investigation into using C3d as an adjuvant to enhance adaptive 

immunity (Reviewed in Toapanta & Ross167). 
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Figure 1.9: Within the BCR complex, Complement Receptor 2 (CR2) lowers the 

threshold required for B cell activation. 

Antigen that is opsonised by C3d is recognised by CR2 and this binding results in the 

recruitment of the B cell receptor, CD79, CD19 and CD81, thus forming the BCR 

complex within the lipid raft. Within a lipid raft, CD79 is phosphorylated by SRC kinases, 

resulting in enhanced B cell activation. 
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Following antigen binding by the BCR complex, the complex is rapidly translocated into 

a lipid raft, where BCR signalling is activated by SRC-family kinases168. Within the lipid 

raft, CR2 further prolongs the activation of BCR signalling by maintaining the BCR 

complex within the lipid raft, through delaying internalisation of the BCR into the B 

cell169. Consequently, the presence of CR2 on B cells prevents apoptosis and promotes 

cell proliferation, enhancing the survival of B cells within germinal centres170. This 

mechanism of enhancing the immune response is crucial for stimulation of B cell 

detection of antigens in low abundance. The function of CR2 on B cells therefore serves 

as an important mechanism that links both the innate and adaptive immune responses.  

1.4.6 Transcriptional regulation of CR2 

The stage-specific expression of CR2 is crucial for B cell maturation. Its importance is 

reflected by a multitude of studies which have investigated the molecular mechan ism 

underlying regulation of CR2 expression on B cells. Early studies have identified putative 

regulatory elements and the transcriptional start site (TSS) in the 1.2 kb region within the 

promoter of the CR2 gene171,172. Vereshchagina and colleagues173 identified a putative yin 

yang 1 (YY1) repressor element upstream (in the -1233 region) of the CR2 promoter173. 

Functional analyses by Tolnay and colleagues174–176 identified an NF-κB activator site 

and a heterogeneous nuclear ribonucleoprotein D (hnRNP D) repressor site in the -531 

and -495 regions of the CR2 promoter, respectively174–176. Further analysis by Ulgiati and 

co-workers177 have identified the minimal CR2 promoter region to be 315 bp upstream of 

the CR2 TSS, with a specificity protein 1 (SP1) and an activator protein 2 (AP2) site at 

the -135 and -87 region upstream of the CR2 TSS, respectively177. The genetic mechanism 

driving stage-specific expression of CR2 in B cells was first suggested by Ulgiati and co-

workers178; they identified two putative E box repressor elements at the -68 and -47 region 

upstream of the TSS of the CR2 gene that suppressed expression of CR2 in non-CR2 

expressing cells178. In support of this, Vereshchagina and colleagues173 identified the 

importance of a putative E box repressor element in the same region173.  

Furthermore, evidence of epigenetic modifications regulating the transcription of CR2 

was demonstrated by Schwab and collaborators179. Specifically this study identified a 

methylated CpG island in the promoter of the CR2 gene in pre-B and immature B cells, 

but not mature B cells179. Similarly, data from our laboratory has demonstrated changes 

in chromatin accessibility of the CR2 promoter during lineage commitment of B cells . 

Chromatin accessibility surrounding the E box repressor element is more accessible at 

CR2-expressing stages of B lymphopoiesis than non-CR2 expressing stages or in 
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non-CR2 expressing cells180,181. More recently, the two E box elements within the CR2 

promoter have been identified to have repressor function that regulates cell type-specific 

expression of CR2182. Taken together, a variety of regulatory elements mediate changes 

in the chromatin accessibility of the CR2 gene for its transcription, however, how this 

changes during different stages of B cell development has yet to be determined. 

Interestingly, the promoter is not the only site that regulates expression of CR2. Makar 

and colleagues183 demonstrated that the first intron of the CR2 gene contains a cell and 

stage-specific silencer element (CR2 silencer – CRS). Furthermore, the CRS contains a 

putative CBF1 binding site, indicating that Notch signalling could be involved in 

regulating stage-specific silencing of the CR2 gene183,184. However, the mechanism of 

stage-specific gene silencing is currently unknown. 

1.5 Project objectives 

Elucidating the molecular mechanisms which regulate CR2 expression is important to our 

understanding of B cell development. Thus, a key focus of this work was to elucidate 

stage-specific factor(s) driving appropriate expression of CR2 in B cells. Previous work 

in our laboratory has explored the possible involvement of Notch signalling in driving the 

stage-specific regulation of CR2 expression. Bioinformatics analysis performed in our 

laboratory has identified putative CBF1 binding sites in the promoter of the CR2 gene. 

We believe these CBF1 binding sites play a role in regulating CR2 expression through 

Notch signalling during B cell development. The effect of Notch activation on CR2 

expression at both the pre-B and mature B cell stages of development has not been fully 

elucidated. Furthermore, there is a lack of evidence on the role of Notch signall ing 

regulating transition at the pre-B and mature B cell stage prior to B cell activation.  

As such, the aims of this project are: 

1. Investigate the role of Notch activation at the pre-B and mature B cell stages of 

development. 

2. Determine the functionality of the CBF1 binding sites within the CR2 promoter 

during Notch activation. 

3. Elucidate the change in chromatin accessibility of the CR2 regulatory regions 

during Notch activation through the different stages of B cell development. 
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Materials & Methods
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2.1 Materials 

2.1.1 Antibodies 

Fluorophore-conjugated antibodies were purchased from BD Biosciences (New Jersey, 

USA) and Fisher Biotec (Western Australia, Australia) (Table 2.1). 

Table 2.1: Antibodies used for EMSA and flow cytometry. 

Target Specificity Supplier Chapter/Section 

CBF1/RBPJκ Rabbit polyclonal anti-

human/mouse – chromatin 

immunoprecipitation (ChIP) 

grade 

Abcam 

(Cambridge, 

UK) 

5.2.5 

CR2/CD21 PE-conjugated mouse anti-

human, IgG1, κ isotype,  

Clone: B-ly4 

BD 

Biosciences 

(New Jersey, 

USA) 

3.2.4 

Unknown 

(MOPC-21) 

PE-conjugated mouse IgG1, κ 

isotype control,  

Clone: MOPC-21 

BD 

Biosciences 

(New Jersey, 

USA) 

3.2.4 

 

2.1.2 Chemicals 

A minimum of laboratory grade chemicals was used for all experiments. Analyt ica l 

reagent grade chemicals were used where appropriate. 

2.1.3 Commercially available kits 

Commercial kits were used in certain experiments and in accordance to the 

manufacturer’s recommended protocol (Table 2.2). 
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Table 2.2: Commercially available kits  

Kit Supplier 

Biotium CF488A Annexin V and 7-AAD Apoptosis 

Kit 

Fisher Biotec (Western 

Australia, Australia) 

Dual-Luciferase Reporter Assay System Promega (Wisconsin, USA) 

EndoFree Plasmid Maxi Kit Qiagen (California, USA) 

QIAamp DNA Blood Mini Kit Qiagen (California, USA) 

QIAprep Spin Miniprep Kit Qiagen (California, USA) 

QIAquick PCR Purification Kit Qiagen (California, USA) 

RNase-free DNase Set Qiagen (California, USA) 

RNeasy Mini Kit Qiagen (California, USA) 

SensiMix™ SYBR No-ROX Kit Bioline (London, UK) 

SuperScript VILO cDNA Synthesis Kit Thermo Fisher Scientific 

(Massachusetts, USA) 
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2.2 Methods 

2.2.1 Bacterial cell culture 

All transformation procedures were performed with chemically competent DH5α-T1R 

Escherichia coli (E. coli) cells (Thermo Fisher Scientific, Massachusetts, USA). Bacterial 

cells were cultured in Luria Bertani (LB) media (1% (w/v) Bacto™ tryptone (BD 

Biosciences, New Jersey, USA), 0.5% (w/v) yeast extract (BD Biosciences, New Jersey, 

USA), 1% (w/v) sodium chloride (VWR, Pennsylvania, USA)), containing 100 µg/µL 

ampicillin sodium salt (Sigma-Aldrich, Missouri, USA) and incubated at 37°C, with 

shaking at 100 – 200 rpm. For single colony selection, bacterial cells were plated onto LB 

agar (1.5% (w/v) Bacto™ Agar (BD Biosciences, New Jersey, USA) in LB media) with 

100 µg/µL ampicillin sodium salt.  

2.2.1.1 Transformation of E. coli 

Chemically competent DH5α-T1R E. coli cells were thawed and 50 µL of bacteria 

aliquoted to pre-chilled 1.5 mL microfuge tubes (Sarstedt, Nümbrecht, Germany). To 

each tube, 100 ng of plasmid DNA was added and incubated on ice for 30 min. Following 

incubation, each sample was heat pulsed at 42°C for precisely 45 s, then placed on ice for 

2 min, before adding 0.5 mL of 37°C pre-warmed LB media to each microfuge tube. 

Transformed bacteria were then incubated at 37°C for 1 h, before plating out 30 µL of the 

culture onto LB agar plates. Plates were then left to incubate overnight (approximate ly 

16 h) at 37°C. 

2.2.2 Mammalian cell culture 

The human suspension cell lines K562 (CCL-243™), Reh (CRL-8286™) and Ramos 

(CRL-1596™) were obtained from the American type culture collection (ATCC, 

Virginia, USA). These cell lines represent pre-B (Reh), mature B (Ramos), and erythroid 

precursor (K562) cells185.  

The murine adherent cell line OP9-DLL1 was kindly provided by David Izon, derived 

from Schmitt and Zúñiga-Pflücker as previously described186.  

2.2.2.1 Culturing conditions 

Suspension cells were cultured in complete growth medium consisting of RPMI-1640 

with L-glutamine (Thermo Fisher Scientific, Massachusetts, USA), supplemented with 

10% (v/v) heat inactivated foetal bovine serum (HI-FBS) (Thermo Fisher Scientific, 
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Massachusetts, USA), 100 µg/mL penicillin and 100 ng/mL streptomycin (Thermo 

Fisher Scientific, Massachusetts, USA). Cell density was maintained between 2 × 105 

cells/mL and 1 × 106 cells/mL.  

The adherent OP9-DLL1 cells were cultured in MEM-α (Thermo Fisher Scientific, 

Massachusetts, USA), supplemented with 20% HI-FBS, 2 mM L-glutamine, 100 µg/mL 

penicillin and 100 ng/mL streptomycin. Adherent cells were maintained at 75% 

confluence. 

Cell cultures were maintained in filter cap culture flasks (Sarstedt, Nümbrecht, Germany 

and Greiner Bio-One International, Kremsmünster, Austria) at 37°C with 5% CO2. Cell 

density and viability were determined using 0.4% Trypan blue solution (Thermo Fisher 

Scientific, Massachusetts, USA).  

2.2.2.2 Cryopreservation and reanimation of mammalian cell  

Suspension cell lines were grown to mid log phase growth (approximately 6 × 105 

cells/mL). Adherent cells were grown in T175 filter cap culture flasks to approximate ly 

70% confluence. Cells were pelleted by centrifugation at 200 × g for 5 min at room 

temperature (RT) and resuspended in cryopreservation media (70% (v/v) complete 

growth media, 20% (v/v) HI-FBS and 10% (v/v) dimethyl sulphoxide (DMSO) (Sigma-

Aldrich, Missouri, USA)). Cell suspension aliquots (1 mL) were immediately transferred 

to 2 mL polypropylene cryovials (Greiner Bio-One International, Kremsmünster, Austria) 

and placed in a Nalgene® Cryo 1°C “Mr Frosty” Freezing Container isopropanol 

cryochamber (Thermo Fisher Scientific, Massachusetts, USA). Cryovials were stored at 

-80°C for at least 24 h, before transferring to liquid nitrogen for long term storage.  

To reanimate cryopreserved mammalian cells, vials were rapidly thawed in a 37°C water 

bath, then added to 10 mL of complete growth culture media pre-warmed to 37°C. Cells 

were washed by centrifugation at 200 × g for 5 min and resuspended in 5 - 15 mL fresh 

pre-warmed complete growth culture media, transferred to either a T25 or T75 filter cap 

culture flask for suspension and adherent cells respectively. Flasks containing the cells 

were subsequently placed in an incubator at 37°C with 5% CO2.  

2.2.3 Nucleic acid purification and analysis 

2.2.3.1 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed on nucleic acid samples to determine their 

approximate size, purity and integrity. Agarose gels containing 1 - 2% (w/v) agarose 
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powder (Bioline, London, UK), dissolved in 1x TAE buffer (40 mM Tris-acetate, 2 mM 

ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich, Missouri, USA), pH 8.0), with 

0.5 µg/mL ethidium bromide (Sigma-Aldrich, Missouri, USA), were used for nucleic acid 

analysis. DNA or RNA samples were combined with either 6x blue gel loading dye (New 

England Biolabs (NEB), Massachusetts, USA) or xylene cyanol loading dye (Sigma -

Aldrich, Missouri, USA), to a final volume between 12 - 20 µL with sterile double 

deionised H2O (ddH2O). Samples were then loaded alongside appropriate molecular 

weight markers (1 kb DNA ladder and/or 100 bp DNA ladder, NEB, Massachusetts, 

USA) to estimate the size of the products. Electrophoresis was performed using a Bio-Rad 

horizontal gel apparatus (Bio-Rad, California, USA) with a constant voltage of 100 V for 

up to 1 h. The gel was then visualised and photographed using ImageQuant™ LAS 4000 

biomolecular imager (GE Healthcare, Illinois, USA).  

2.2.3.2 DNA extraction and purification 

Extraction and purification of intact genomic DNA from mammalian cells was performed 

using the QIAamp DNA Blood Mini Kit (Qiagen, California, USA). Briefly, up to 5 × 106 

cells was resuspended to a maximum volume of 200 µL and 20 µL of Proteinase K (NEB, 

Massachusetts, USA) was added to the cell suspension. DNA was extracted according to 

the manufacturer’s protocol. Elution of DNA was performed with the addition of 50 µL 

of buffer AE to the spin column and left to incubate at RT for 10 min, before centrifuging 

at 6000 × g for 1 min. Purified genomic DNA was quantified by spectrophotometr ic 

analysis (Section 2.2.3.7) and stored at -20°C.  

Digested genomic DNA was purified using the QIAquick PCR purification kit (Qiagen, 

California, USA). Briefly, digested DNA from approximately 1.25 × 106 freshly isolated 

intact nuclei was extracted and purified according to the manufacturer’s instructions. 

Elution of DNA was performed with the addition of 50 µL of buffer EB was added to the 

spin column and incubated at RT for 10 min, before centrifuging at 17,900 × g for 1 min. 

Purified DNA was quantified by spectrophotometric analysis (Section 2.2.3.7) and stored 

at -20°C.  

2.2.3.3 DNA sequencing 

Approximately 0.6 - 1.5 µg of purified DNA and 10 pmol of the appropriate sequencing 

primer was added to a 1.5 mL microfuge tube to a final volume of 12 µL. Dideoxy 

sequencing was performed by the Australia Genome Research Facility (AGRF). 
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2.2.3.4 Plasmid DNA purification (Large scale) 

Large scale purification of plasmid DNA was performed using the EndoFree Plasmid 

Maxi Kit (Qiagen, California, USA). A single colony of transformed bacteria was isolated 

from a selective plate (Section 2.2.3.5). A starter culture was prepared by inocula t ing 

4 mL of LB media containing 100 µg/mL ampicillin. The starter culture was incubated at 

37°C with shaking for 8 h. To a 2 L flask, containing 100 mL of LB media with 

100 µg/mL ampicillin, 200 µL of starter culture was added and incubated at 37°C for a 

further 16 h with shaking. Bacteria were harvested by centrifugation at 3000 × g for 

30 min at 4°C. Extraction and purification of plasmid DNA was performed as per the 

manufacturer’s protocol. Purified plasmid DNA was eluted in 150 µL sterile H2O and 

stored at -20°C. 

2.2.3.5 Plasmid DNA purification (Small scale) 

Small scale purification of plasmid DNA was performed using the QIAprep Spin 

Miniprep Kit (Qiagen, California, USA). A single transformed bacterial colony was 

isolated from a selective plate (Section 2.2.1.1), inoculated in 4 mL of LB media 

containing 100 µg/mL ampicillin and incubated overnight at 37°C with shaking. Plasmid 

DNA was then extracted and purified according to the manufacturer’s instructions. 

Purified plasmid DNA was eluted in 50 µL sterile H2O. The quality and quantity of 

plasmids were determined by agarose gel electrophoresis (Section 2.2.3.1) and 

spectrophotometric analysis (Section 2.2.3.7). Purified plasmid DNA was subsequently 

stored at -20°C. 

2.2.3.6 Real time quantitative polymerase chain reaction (qPCR) 

All qPCR reactions were carried out using the SensiMix™ SYBR No-ROX Kit (Bioline, 

London, UK) as follows: 

Component Volume 

2x SensiMix 5 µL 

DNA 2 µL 

10 mM Oligonucleotides (Primers) 0.25 µL - 0.5 µL 

Sterile H20 To a final volume of 10 µL 
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Gilson PIPETMAN Concept® automatic pipettes (Gilson Inc., Wisconsin, USA) were 

used to minimise pipetting errors, while Biosphere® filter tips (Sarstedt, Nümbrecht, 

Germany) were used to prevent contamination of samples and reagents.  

2.2.3.7 Quantitative and qualitative nucleic acid analysis using spectrophotometry 

A Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Massachusetts, 

USA) was used for quantitative and qualitative analysis of nucleic acid samples. A 1 µL 

aliquot of DNA or RNA sample was loaded and absorbance at 260 nm measured to 

determined sample concentration. The absorbance at 280 nm was also measured to 

determine purity, as examined by the A260/280 ratio.  

2.2.3.8 RNA extraction and purification 

RNA extraction and purification was performed using the RNeasy Mini Kit (Qiagen, 

California, USA) according to the manufacturer’s protocol and eluted in 40 µL 

RNase-free H2O. RNA was quantified by spectrophotometry (Section 2.2.3.7) and purity 

examined using 1 µg of RNA on a 1.5% agarose gel (Section 2.2.3.1). Genomic DNA 

contamination was removed using the RNase-free DNase set (Qiagen, California, USA), 

by addition of 2.5 µL of Deoxyribonuclease I (DNase I) and 10 µL of buffer RDD to the 

RNA sample. The RNeasy Mini Kit RNA cleanup protocol was then used, and RNA 

eluted in RNase-free H2O. Quantitative and qualitative analyses were conducted as 

previously described (Section 2.2.3.7 and 2.2.3.1).  

2.2.3.9 Reverse Transcription of RNA to complementary DNA (cDNA) 

Purified RNA was reverse transcribed to cDNA using the SuperScript VILO cDNA 

Synthesis Kit (Thermo Fisher Scientific, Massachusetts, USA), according to the 

manufacturer’s protocol. Following reverse transcription, the entire 20 µL sample was 

added to 180 µL of 1x TE buffer (10 mM Tris-base; 1 mM EDTA; pH 8.0) to obtain a 

1:10 dilution and then stored at -20°C.  

2.2.4 Oligonucleotides 

2.2.4.1 Preparation of oligonucleotides for electrophoretic mobility shift assay 

(EMSA) 

EMSA oligonucleotides were HPLC purified, with the forward strand biotin labelled  

(Sigma-Aldrich, Missouri, USA). As the oligonucleotides were obtained desalted and 

desiccated, 1x TE buffer was added to obtain a stock concentration of 100 µM. To obtain 
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a working concentration of EMSA oligonucleotides, 10 µL of stock forward and reverse 

oligonucleotides were mixed together, placed on a 95°C heating block for 10 min and left 

to cool overnight to RT. Annealed oligonucleotides were then loaded into pre-casted 6% 

DNA retardation gel (Thermo Fisher Scientific, Massachusetts, USA). The XCell 

SureLock™ Mini-Cell electrophoresis system (Thermo Fisher Scientific, Massachusetts, 

USA) was used to separate annealed and single-strand oligonucleotides, at 100 V for 1 h. 

Double stranded oligonucleotides were then visualised using the Mineralight UVGL-58 

hand held ultraviolet (UV) light (Ultra Violet Products, South Australia, Australia) and 

excised from the gel using a scalpel. Gel pieces were then incubated in 600 µL of 

oligonucleotide elution buffer (0.1% (v/v) sodium dodecyl sulfate (SDS) (Sigma-Aldr ich, 

Missouri, USA), 0.5 M ammonium acetate (Sigma-Aldrich, Missouri, USA), 10 mM 

magnesium acetate (Sigma-Aldrich, Missouri, USA)) at RT for 16 h with shaking. The 

supernatant was removed to a new 1.5 mL microfuge tube, filled with 1 mL cold 100% 

ethanol (Merck, New Jersey, USA) and left to precipitate at -80°C for at least 2 h. 

Oligonucleotides were pelleted by centrifugation at 16,000 × g for 30 min at 4°C, washed 

with 800 µL 70% ethanol, air dried thoroughly and resuspended in 20 µL of sterile H2O. 

Quantity of purified double-stranded oligonucleotides was determined by 

spectrophotometry (Section 2.2.3.7).  

2.2.4.2 Preparation of oligonucleotides for qPCR 

Primer oligonucleotides were obtained from Sigma-Aldrich (Missouri, USA). Desiccated 

oligonucleotides were resuspended in 1x TE buffer, pH 8.0, to obtain a stock 

concentration of 100 µM. A 10 µM working concentration of qPCR primers was prepared 

by diluting stock concentration of forward and reverse primers in 1x TE buffer. Working 

concentration of primer mix were pipetted into multiple aliquots and stored in -20°C.  
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3.1 Introduction 

3.1.1 Notch signalling is active in multiple stages of B lymphopoiesis 

Notch signalling is an evolutionarily conserved pathway involved in lineage commitment 

of HSCs. During B cell development, Notch signalling is required for appropriate lineage 

commitment (Figure 3.1). Early studies demonstrated the importance of Notch signall ing 

in the early stages of haematopoiesis with a conditional Notch1 knockout mouse 

model187,188. These mutant mice had defective thymus and T cell development, with an 

aberrant increase in thymic B cells187,188. These data were further supported by an 

alternate Notch1 knockout mouse model, which also resulted in an ectopic increase in B 

cells. These B cells express immature phenotypic markers and appeared within the 

thymus189. This highlighted the importance for Notch signalling in determining B or T 

cell fate. In the presence of Notch signalling, CLPs within the thymus develop into T 

cells. In contrast, the absence of Notch signalling allows for the development of B cells 

in the bone marrow. Pui and colleagues190 further confirmed the role of Notch in CLP 

lineage commitment190. In their gain-of-function experiments, overexpression of ICN1 

within the bone marrow led to defective B cell development, with ectopic expression of 

T cells detected190. Indirectly, Han and colleagues191 showed that knockout of Cbf1 

resulted in aberrant expression of B cells, whilst T cell differentiation was diminished19 1 . 

These results further support the role for Notch in determining the fate of lympho id 

progenitors, whilst demonstrating that Notch signalling through CBF1 is crucial for 

lineage differentiation of CLPs. Interestingly, the overexpression of Hes1, the canonical 

Notch target gene in mice, produces a similar inhibition of B cell development, albeit to 

a lesser extent compared to overexpression of ICN1192. 

Additionally, Notch is also involved at multiple stages of B cell development (Figure 3.1). 

Notch signalling has a critical role in the development of marginal zone B cells within 

the spleen. Whilst CLP differentiation requires Notch1 expression, the development of 

marginal zone and follicular B cells requires expression of Notch299. Notch2 conditiona l 

knockout mice showed a decrease in marginal zone B cells. Furthermore, mouse Cr2 

expression within the follicular B cells was observed to be decreased in these Notch2 

knockout mice99. Similarly, conditional Dll1 knockout mice displayed a decrease in 

marginal zone B cells within the spleen193,194. Combined, these studies indicate that 

interaction between Notch2 and Dll1 within the spleen regulates the development of 

marginal zone B cells. 
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Figure 3.1: B cell development requires Notch signalling at multiple stages of lineage commitment. 

Within the bone marrow, haematopoietic stem cells (HSCs) receiving NOTCH2 signal differentiate into B1 B cells. Common lymphoid progenitors 
(CLPs) encounter a Notch signalling checkpoint that determines T or B cell fate by the activation or inhibition of NOTCH1 signalling, respectively. 

Within the spleen, mature B cells develop into marginal zone B cells with NOTCH2 and Delta-like 1 (DLL1) mediating Notch activation, whilst the 
absence of Notch signalling regulates follicular B cells. Upon antigen encounter in the germinal centre, NOTCH2- and DLL1-mediated Notch signalling 

induces follicular B cell activation. Proliferation of activated follicular B cells is mediated by Notch activation through the Jagged family ligands.  
Lastly, NOTCH1 and DLL1 mediated Notch signalling allows terminal differentiation to plasma B cells. Green arrows represent the requirement for 
Notch signalling, whilst the red lines (┴) represent the absence of Notch signalling.  
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Utilising an indirect method, Tanigaki and co-workers195 identified a role for Notch in the 

spleen using a conditional Cbf1 knockout mouse model. It was reported that these mutant 

mice showed a loss of marginal zone B cells, with a concomitant increase in follicular B 

cells in the spleen195. This phenotype supports the role of Notch signalling in regulat ing 

the formation of marginal zone B cells. Furthermore, these data suggested that Notch 

signalling is not required for the formation of follicular B cells.  

Another indirect investigation into the importance of Notch signalling in B lymphopoies is 

was performed by Wu and co-authors196. It is well established that the mastermind- like1 

(MAML1) transcription factor binds to the Notch initiation complex and is crucial for the 

activation of Notch target genes197,198. Maml1-deficient mice demonstrated impaired 

development of marginal zone B cells, similar to mice lacking Dll1 expression193,196. 

Independently, Oyama and colleagues199 reported the same abnormality of reduced 

marginal zone B cells in a different mouse model with the Maml1 knockout phenotype199.  

Notch signalling also plays an essential role in the survival of germinal centre B cells. 

Antigen activated B cells residing within the germinal centre require appropriate signals 

for their survival before differentiation into plasma cells. Yoon and co-workers200 first 

identified that these B cells require Notch signalling for survival and proliferation within 

the germinal centre200. Using a γ-secretase inhibitor (GSI), it was demonstrated that 

antigen-activated B cells required γ-secretase dependent Notch signalling for survival in 

vitro. Furthermore, JAG1, but not DLL1, was responsible for Notch activation within the 

germinal centre200. As well as maintaining the survival of B cells, Notch signalling has 

also been implicated in the activation of B cells, allowing their further differentiation into 

plasma cells. Thomas and colleagues201 identified that Notch signalling through Dll1, 

together with the BCR and CD40, is required for the activation of murine follicular B 

cells to proliferate and differentiation into plasma cells, resulting in antibody isotype 

switching in these murine B cells201. Moreover, using conditional expression of the 

dominant-negative form of Maml1 (DNMAML1) to inhibit Notch activation, it was 

shown that these mutant mice had reduced marginal zone B cells, as was previously 

reported with the conditional knockout of Cbf1 or Notch299,195,201. Lastly, Santos and co-

workers202 demonstrated a role for Notch in the terminal differentiation of mature B cells 

into plasma cells. Using an ex vivo co-culture of murine follicular B cells expressing 

DNMAML1 with stromal cells expressing Dll1, a decrease in terminal differentiation of 

plasma cells was observed. Moreover, Notch1 was required to activate the Notch pathway 

for differentiation of plasma cells202 (Figure 3.1). Combined, this evidence shows the 
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importance of Notch signalling in the activation, proliferation and differentiation of 

mature B cells into plasma cells.  

B1 B cells are another population of B cells that are believed to be regulated by Notch, 

specifically, in the commitment to either the B1 or B2 B cell lineage. As Notch2 deletion 

is embryonically lethal, Witt and co-workers203 examined the effect of Notch signall ing 

in a haploinsufficient Notch2 mouse model and detected a significant reduction of B1 B 

cells in these mice, whilst also detecting a reduction in the development of marginal zone 

B cells203. These results further support the requirement of Notch2 for normal margina l 

zone B cell development. Subsequently, Witt and co-workers204 showed that constitut ive 

expression of ICN2 resulted in an increase in B1 B cell development. This observation is 

in accordance with their previous study showing that B1 B cells require Notch2 signall ing 

for their proliferation and development203. Whilst constitutive expression of ICN2 

increased B1 B cell development, ectopic ICN2 blocked development of pre-B cells into 

B2 marginal zone B cells. Witt and co-workers204 postulated that this observation was 

due to the pre-B cells receiving ectopic Notch signal, preventing them from further 

development into marginal zone B cells204.  

3.1.2 Aims 

Bioinformatic analysis from our laboratory had identified two putative CBF1 binding 

sites within the CR2 promoter. In addition, there is minimal understanding of the impact 

of Notch signalling at the pre-B cell stage of lineage commitment. As such, we 

hypothesised that Notch signalling has a role in regulating transcription of CR2 during 

the transition from the pre-B cell to the mature B cell stage of development. Additiona lly, 

we were interested in exploring the effects of Notch signalling on CR2-expressing mature 

B cells. To this end, we set out to: 

1. Determine the effects of Notch activation on HES1 and CR2 mRNA expression 

in pre-B cells. 

2. Examine HES1 and CR2 mRNA expression following prolonged Notch activation 

in CR2-expressing mature B cells. 

3. Determine the prolonged effects of Notch activation on the surface expression of 

CR2 on pre-B and mature B cells. 
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3.2 Materials and Methods 

3.2.1 Mammalian cell lines 

Reh and Ramos cell lines were used in the Notch activation co-culture (Section 2.2.2). 

The OP9-DLL1 cell line were kindly provided by David Izon, which was derived from 

Schmitt and Zúñiga-Pflücker as previously described186.  

3.2.2 Notch co-culture 

The adherent OP9-DLL1 cells were cultured in 75 cm2 filter cap tissue culture flask to 

approximately 70-80% confluence (Section 2.2.2.1). On the first day of co-culture, 7 mL 

of media was removed from the flask and 3 × 106 Reh or Ramos cells resuspended in 

7.5 mL of FBS-free MEM-α media. An equal number of cells were grown in two separate 

flasks containing either, 15 µL of N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-

phenylglycine t-butyl ester (DAPT) (a Notch inhibitor) (Sigma-Aldrich, Missouri, USA) 

or DMSO (vehicle) (Notch activation) (Sigma-Aldrich, Missouri, USA). Reh cells were 

harvested at either 24 h for qPCR and flow cytometry analyses, or every two days, where 

3 × 106 Reh cells were re-seeded onto new OP9-DLL1 flasks for a total of 11 days of 

co-culture. Ramos cells were harvested every two days, where 3 × 106 Ramos cells were 

re-seeded onto new OP9-DLL1 flasks for a total of 11 days.  

On the 11th day, 3 × 106 cells were harvested for flow cytometric analysis. The remaining 

(≥ 1 × 107) cells from each harvest day of co-culture were washed with 1x Dulbecco’s 

phosphate-buffered saline (PBS) (Thermo Fisher Scientific, Massachusetts, USA) and 

pelleted. The cell pellets were then snap frozen in liquid nitrogen and stored at -80°C. 

The frozen cell pellets were used for later qPCR analysis. 

3.2.3 qPCR of cDNA 

Following co-culture, RNA was extracted from the frozen cell pellet (Section 2.2.3.8) and 

reverse transcribed to cDNA (Section 2.2.3.9). Conditions for qPCR reaction mix were 

as previously described (Section 2.2.3.6). Primers were designed to amplify across exon-

exon junctions of CR2, HES1 and β-actin mRNA (Table 3.1). For Ramos co-cultured 

cells, serial dilutions of known standards were used to quantify transcript abundance of 

CR2, HES1 and β-actin with either the Eco Real-Time PCR system (version 4) (Illumina, 

California, USA), or the ViiA 7 Real Time PCR system (Thermo Fisher Scientific, 

Massachusetts, USA). Data were analysed using the QuantStudio Real-Time PCR 

Software (version 1.3) (Thermo Fisher Scientific, Massachusetts, USA). For Reh 
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co-cultured cells, the Mic qPCR cycler was used with the micPCR software to quantify 

transcript abundance of CR2, HES1 and β-actin with serial dilutions of known standards. 

For all qPCR analysis, CR2 and HES1 transcript abundance were then normalised to 

β-actin expression.  

3.2.4 Flow cytometry and analysis 

On day 11 of co-culture, Reh or Ramos cells were harvested for flow cytometry analysis. 

Approximately 1 × 106 cells were harvested from the co-culture flasks and washed twice 

in 1 mL ice-cold stain buffer (1x PBS, 5% FBS (v/v)) at 300 × g for 5 min at 4°C. The 

cell pellet was resuspended in 80 µL stain buffer and 20 µL of CR2-PE antibody (Table 

2.1). Both an IgG isotype control (Table 2.1), and an unstained control, were performed 

on the same number of cells harvested from the co-culture. Staining was performed in the 

dark and on ice for 20 min. After 20 min of staining, cells were washed twice with 1 mL 

ice-cold stain buffer at 300 × g for 5 min at 4°C before resuspending in 500 µL of staining 

buffer for flow cytometric analysis. Flow cytometry was performed on the Accuri C6 

flow cytometer (BD Biosciences, New Jersey, USA). A total of 10,000 events was 

collected for each sample in the forward-side scatter plot. Flow cytometric data analysis 

was performed on the FlowJo (version 10) software (Tree Star, Oregon, USA).  

3.2.5 Statistical analysis 

One-way analysis of variance (ANOVA) with Bonferroni post hoc tests were performed 

for multiple comparison when required. Statistical analyses were generated using 

GraphPad Prism (version 6.0) (GraphPad, California, USA). All graphed values represent 

the mean ± standard error of the mean (SEM).  

 



 

 

4
9
 

Table 3.1: Forward and reverse primers used to amplify target regions for qPCR 

Target region Sequence (5’-3’) Tm (°C) Annealing 

temperature (°C) 

Amplicon 

length (bp) 

CR2 mRNA exon 2/3 
junction 

TGCCTGTAAAACCAACTTCTC 61 60 231 

AGCAAGTAACCAGATTCACAG 58 

HES1 mRNA exon 

3/4 junction 

CGGCATTCCAAGCTGGAGAAGG 73 65 105 

ACTTGGGTCTGTGCTCAGCGCA 74 

β-actin mRNA exon 

2/4 junction 

GATGACCCAGATCATGTTTGAG 63 62 459 

GACTCCATGCCCAGGAAGGAA 70 
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3.3 Results 

3.3.1 HES1 expression can be activated within 24 h of Notch activation 

Through the rest of this and the next chapter, DAPT treatment of co-cultured cells 

functioned to inhibit Notch signalling, whilst DMSO (vehicle) treatment of co-cultured 

cells permitted Notch activation. To ensure that the co-culture system was activating the 

Notch pathway, HES1 transcript abundance was measured by qPCR. Previous work by 

Ong and co-workers205 have also identified that within the murine system, Notch 

signalling can be activated within 6 h of receptor-ligand interaction205. In the context of 

B cell development, we hypothesised that Notch signalling could be activated within 24 h 

of co-culture. As such, Reh co-culture with Notch activation or inhibition was performed, 

and cells harvested following 24 h of co-culture (Figure 3.2, Notch activation: black bar; 

Notch inhibition: grey bar).  

As a control, Reh cells were cultured independently without OP9-DLL1 cells and 

harvested after 24 h (Figure 3.2, Reh: white bar; Reh 24 h: striped bar). No significant 

difference in the expression of HES1 mRNA was detected following 24 h of cell culture 

(Figure 3.2: compare white bar with striped bar) (p=0.325). In contrast, Reh cells that 

were co-cultured with Notch activation for 24 h showed a significant 20-fold increase in 

expression of HES1 mRNA (Figure 3.2: compare white or striped bars with black bar) 

(Reh compared with Notch activation: p=0.003; Reh 24 h compared with Notch 

activation: p=0.003). However, upon addition of the Notch inhibitor, DAPT, to the Reh 

co-culture system, there was a regression of transcript abundance back to the basal levels 

observed in resting Reh cells (Figure 3.2: compare white or striped bars with grey bar) 

(Reh compared with Notch inhibition: p=0.454; Reh 24 h compared with Notch 

inhibition: p=0.628; Notch activation compared with Notch inhibition: p=0.003).  

3.3.2 CR2 expression has minimal transcriptional upregulation after 24 h of Notch 

activating co-culture 

Upon verification that Notch signalling was activated after 24 h of co-culture, transcript 

abundance of CR2 were examined in the same time course of co-culture (Figure 3.3). 

First, it was verified that Reh cells were not expressing CR2, as expected for a pre-B cell 

line (Figure 3.3: absence of white and striped bars). Next, CR2 transcript abundance in 

Reh cells co-cultured with Notch activation or Notch inhibition were examined (Figure 

3.3, Notch activation: black bar; Notch inhibition: grey bar). In Notch activated Reh cells, 

variable expression of CR2 mRNA was observed (Figure 3.3, black bar). Indeed, CR2 
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Figure 3.2: HES1 mRNA is rapidly activated following 24 h of Notch activation in 

Reh cells.  

HES1 expression was induced by Notch activation in Reh cells following 24 h of 

co-culture with DLL1-expressing stromal cells (Notch activation – black bar), compared 

to Notch inhibited Reh cells (Notch inhibition – grey bar). There was no significant 

difference in HES1 mRNA expression in uninduced Reh cells following 24 h of cell 

culture (white and striped bars). HES1 mRNA expression was quantified by qPCR and 

normalised to β actin mRNA expression. Results were depicted as mean ± SEM of three 

biological replicates; ** p≤0.01 
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Figure 3.3: CR2 mRNA was increased in Reh cells following 24 h of Notch 

activation.  

Following 24 h of co-culture with DLL1-expressing stromal cells, CR2 mRNA 

expression was activated with variable induction in co-cultured Reh cells (Notch 

activation, black bar). Notch inhibited Reh cells shared a small increase in CR2 mRNA 

expression (Notch inhibition, grey bar). Reh cells CR2 mRNA expression remained 

negative following 24 h of cell culture (absence of white or striped bars). CR2 mRNA 

expression was quantified by qPCR and normalised to β actin mRNA expression. Results 

were depicted as mean ± SEM of three biological replicates. 
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mRNA expression was detected in two of the three biological replicates. This suggested 

a trend of CR2 expression following Notch activation (Reh compared with Notch 

activation: p=0.123; Reh 24 h compared with Notch activation: p=0.123). CR2 expression 

was also detected in Notch inhibited Reh cells, albeit at a lower expression than Notch 

activated Reh cells (Figure 3.3, grey bar) (Reh compared with Notch inhibition: p=0.120; 

Reh 24 h compared with Notch inhibition: p=0.120; Notch activation compared with 

Notch inhibition: p=0.358). 

3.3.3 Long-term Notch activation increased CR2 mRNA expression in Reh cells 

To further assess the effects of Notch signalling on pre-B cells, a longer time course 

co-culture was performed on Reh cells (Figure 3.4A). CR2 expression was not detected 

in the control pre-B cell line, Reh (Figure 3.4A: absence of white bars). In contrast, Reh 

cells activated by Notch signalling demonstrated stable CR2 transcript abundance 

following three days of co-culture, with increasing expression observed over the 11 days 

of co-culture (Figure 3.4A, Notch activation: black bars). Conversely, no induction of 

CR2 expression in Notch inhibited Reh cells in the first nine days of co-culture was 

observed (Figure 3.4A, Notch inhibition: grey bars). Notch inhibited Reh cells were 

observed to have a small induction of CR2 expression on day 11 of co-culture (Figure 

3.4A, Notch inhibition day 11).  

To ensure appropriate Notch activation or inhibition in the co-cultured Reh cells, HES1 

mRNA expression was also measured by qPCR (Figure 3.4B). Across all time points 

tested, Reh cells showed a basal level of HES1 mRNA (Figure 3.4B, Reh: white bars). 

However, in Notch activated Reh cells, increased HES1 mRNA was observed across all 

time points tested (Figure 3.4B, Notch activation: black bars). Maximal expression was 

observed on day 3, with decreasing expression demonstrated over the duration of the 

co-culture. In contrast, Reh cells co-cultured with the Notch inhibitor showed similar 

expression of HES1 mRNA as basal levels in Reh cells (Figure 3.4B, Notch inhibit ion: 

grey bars).  

3.3.4 Notch activation decreased canonical HES1 expression in Ramos co-culture 

Prior to examining HES1 mRNA expression on Notch activated or inhibited co-cultured 

Ramos cells, qPCR was performed to examined endogenous HES1 transcript abundance 

in both Reh and Ramos cells (Figure 3.5). Expression of HES1 mRNA was 820-fold 

greater in Ramos cells than Reh cells (Figure 3.5: Reh compared with Ramos) (p=0.0003).  
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Figure 3.4: Notch signalling attenuates silencing of CR2 expression in human pre-B 

(Reh) cells. 

A) CR2 transcript abundance was measured in Reh cells (white bars), Reh cells 

co-cultured with DLL1-expressing OP9 stromal cells to activate Notch signalling (black 

bars), or Reh cells co-cultured with DLL1-expressing OP9 stromal cells with a Notch 

inhibitor (grey bars). In both Reh (white bars) and Notch inhibited Reh cells (grey bars), 

CR2 expression is not induced following Notch activation. However, a stable increase in 

CR2 transcript abundance was detected following Notch activation (black bars).  

B) As a positive control, transcript abundance of the canonical Notch target gene, HES1, 

was measured. Increased HES1 expression was observed in Notch activated co-cultured 

Reh cells (black bars). This observation was not found in the Reh cells (white bars), or 

Notch inhibited Reh cells (grey bars).  

The results were depicted as mean ± SEM of at least three biological replicates. Long-

term Reh co-cultures were a combined work with Rhonda Taylor (see declaration).  
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Figure 3.5: Transcript abundance of HES1 is higher in mature B cells (Ramos) 

compared to pre-B cells (Reh).  

Ramos cells expression of HES1 mRNA was 820-fold greater than Reh cells. HES1 

mRNA expression was quantified by qPCR and normalised to β actin mRNA expression. 

Results were depicted as mean ± SEM of three biological replicates. *** p≤0.001 
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Next, long-term co-cultured Ramos cells were harvested to examine expression of HES1 

mRNA. Notch activated Ramos cells consistently showed a decrease in HES1 expression 

compared to uninduced Ramos cells, across all time points tested (Figure 3.6, black bars 

compared to white bars from day 3 to 11). Similarly, Notch inhibited Ramos cells showed 

a consistent decrease in HES1 expression compared to uninduced Ramos cells, across 11 

days of co-culture (Figure 3.6, grey bars compared to white bars from day 3 to 11). HES1 

mRNA expression was consistent across all time points tested in uninduced Ramos cells 

(Figure 3.6, white bars from day 3 to 11), Notch activated Ramos cells (Figure 3.6, black 

bars from day 3 to 11) and Notch inhibited Ramos cells (Figure 3.6, grey bars from day 

3 to 11) (Ramos: p=0.975; Notch activation: p=0.992; Notch inhibition: p=0.811).  

3.3.5 Notch activation increases Ramos endogenous CR2 transcriptional activity in 

a Notch co-culture system 

Previous data have shown that non-CR2 expressing Reh pre-B cells co-cultured with 

Notch activation for more than 24 h resulted in a stable increase in CR2 mRNA abundance 

(Figure 3.4A). Next, the effects of Notch activation on CR2-expressing Ramos mature B 

cells were performed using the OP9-DLL1 co-culture system (Section 3.2.2). Like Reh 

cells, Ramos cells are known to express both Notch1 and Notch2 receptors (Taylor, R., 

personal communication).  

Unlike Reh cells, Ramos cells are CR2-expressing and therefore CR2 mRNA expression 

was detected by qPCR in both uninduced Ramos cells and following co-culture (Figure 

3.7). As a general trend, there was slightly elevated transcript abundance of CR2 mRNA 

following Notch activation in Ramos cells compared to the basal expression of uninduced 

Ramos or Notch inhibited Ramos cells (Figure 3.7, black bars compared with white bars 

or grey bars, from day 3 to 11). In contrast, CR2 mRNA transcript abundance was similar 

between Notch inhibited Ramos cells and the uninduced Ramos cells (Figure 3.7, white 

bars compared with grey bars, from day 3 to 11). CR2 mRNA expression was consistent 

across all time points tested in uninduced Ramos cells (Figure 3.7, white bars from day 3 

to 11), Notch activated Ramos cells (Figure 3.7, black bars from day 3 to 11) and Notch 

inhibited Ramos cells (Figure 3.7, grey bars from day 3 to 11) (Ramos: p=0.857; Notch 

activated: p=0.976; Notch inhibited: p=0.940).  
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Figure 3.6: HES1 mRNA expression in Ramos cells is reduced following Notch 

activation or inhibition. 

HES1 mRNA expression was reduced when Notch signalling was activated (black bars) 

or inhibited (grey bars) compared to uninduced Ramos cells (white bars). A significant 

decrease was observed on day 7 of co-culture. Uninduced, Notch activated, and Notch 

inhibited Ramos cells did not demonstrate significant change in HES1 mRNA expression 

through 11 days of co-culture. One-way ANOVA with Bonferroni post hoc test was 

performed between different Notch signalling status, and different days within the same 

treatment of cells. HES1 mRNA was quantified by qPCR and normalised to β actin 

mRNA expression. Results were depicted as mean ± SEM of three biological replicates.  

* p<0.05 
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Figure 3.7: CR2 mRNA expression in Ramos cells was slightly increased following 

Notch activation. 

CR2 mRNA expression was slightly elevated following Notch signalling (black bars), 

however the difference was only significant at day 3 of co-culture. No significant 

different was detected between Notch inhibited Ramos (grey bars) compared to 

uninduced Ramos cells (white bars). Control (white bars), Notch activated (black bars) 

and Notch inhibited (grey bars) Ramos cells did not demonstrate significant change in 

CR2 mRNA expression through 11 days of co-culture. One-way ANOVA with 

Bonferroni post hoc test was performed between different Notch signalling status, and 

different days within the same treatment of cells. CR2 mRNA was quantified by qPCR 

and normalised to β actin mRNA expression and depicted as mean ± SEM of three 

biological replicates * p<0.05 
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3.3.6 CR2 surface expression is induced in a small population of Notch activated 

pre-B cells 

CR2 surface expression was also measured on Reh cells collected at the end of co-culture 

(day 11). This was performed to examine if the induced CR2 mRNA expression was 

translated into surface expression on Reh cells. First, Reh cells were gated using the 

forward (FSC) versus side (SSC) scatter plot. Next, Reh cells stained with the isotype 

control were used to gate the SSC and PE (FL2) plot to obtain four quadrants. Isotype 

control (IgG-PE) stained Reh cells were gated such that less than 1% of cells were in the 

CR2-positive gate (Figure 3.8A and 3.8B, bottom right quadrant – Q3). Uninduced Reh 

cells, Notch activated or inhibited Reh cells stained with CR2-PE antibody, were gated 

using the aforementioned gating strategy. A reproducible increase of CR2 surface 

expression was observed in a small population of Notch activated Reh cells above the 1% 

gate (Figure 3.8B). However, increase of CR2 surface expression was not observed in 

Notch inhibited Reh cells (Figure 3.8A), or uninduced Reh cells (data not shown).  

Cell viability was also examined in the Notch activated or inhibited Reh cells by 

examining for staining with Annexin V and 7-AAD. However, there appeared to be no 

significant difference in cell death upon activation or inhibition of the Notch signall ing 

pathway (Appendix 1). The AMNIS ImageStream®X Mark II imaging flow cytometer 

(Merck, New Jersey, USA) was utilised on Reh cells that were co-cultured for 24 h 

(Appendix 1). Similarly, following 24 h of co-culture, an increase in CR2 surface 

expression was observed in a small population of Notch activated Reh cells above the 1% 

gate (Appendix 1).  

3.3.7 Co-cultured Ramos cells exhibit an increased surface CR2 expression 

Ramos cells co-cultured for Notch activation displayed a trend of increased CR2 mRNA 

across all time points tested (Figure 3.7). As such, Ramos cells were harvested at the end 

of co-culture (day 11) to determine if changes observed in transcript abundance was 

mirrored by protein expression at the cell surface. Ramos cells were first gated using the 

FSC versus SSC plot (Figure 3.9A, C and E). Next, Ramos cells stained with an isotype 

control were used to determine the CR2 positive population, with the same gating strategy 

as previously mentioned with co-cultured Reh cells (Figure 3.9B, D, F). In Notch 

activated Ramos cells, there were a similar number of CR2-positive Ramos cells within 

the CR2-positive gate compared to uninduced Ramos cells (Figure 3.9D compared with 

Figure 3.9B) (Notch activation, Q3: 91.1 ± 0.64 compared to Ramos, Q3: 94.4 ± 0.31). 
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Figure 3.8: Notch signalling induce CR2 surface expression in a small population of 

co-cultured Reh cells. 

Following co-culture, Reh cells were harvested for flow cytometry analysis. A total of 

10,000 events were acquired on the Accuri C6 flow cytometer. First, Reh cells were gated 

from the forward (FSC) versus side (SSC) scatter plot. Next, the CR2 positive population 

(Q3 quadrant, bottom right) was gated using an isotype IgG-PE control, such that less 

than 1% of Reh cells lie within the Q3 quadrant.  

A) Notch inhibited Reh cells were not induced to express surface CR2, as indicated by 

Reh cell count below 1% in the Q3 quadrant.  

B) Notch activated Reh cells showed a reproducible induction of CR2 surface expression 

above 1% in the CR2 positive (Q3) quadrant. 

Results are representative of at least three biological replicates. Flow cytometric data 

were a combined work with Rhonda Taylor (see declaration). 



 

61 
 



 

62 
 

Figure 3.9: Notch activated Ramos cells showed a higher expression of CR2 than 

Notch inhibited Ramos cells. 

First, Ramos cells were identified in control (A), Notch activated (C), or Notch inhibited 

(E) Ramos cells using the forward (FSC)-side (SSC) scatter plot. There were simila r 

number of Ramos cells in the FSC-SSC plots (A, C and E). The IgG isotype control was 

used to set the CR2+ gate for cells stained with CR2-PE (B, D and F). Notch activated 

Ramos cells (D) showed a higher expression of CR2 than the Ramos control (B). In 

contrast, Notch inhibited Ramos cells (F) showed a lower expression of CR2 than the 

Ramos control (B). Plots are representative of three independent biological replicates. 
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However, Notch activated Ramos cells displayed a higher mean fluorescence intens ity 

(MFI) of CR2 expression than the Ramos cells (Figure 3.10, Ramos: red compared with 

Notch activated: orange) (Table 3.2, Ramos MFI: 3356 ± 150 compared with Notch 

activated MFI: 4105 ± 213). In contrast, a greater number of Notch inhibited Ramos cells 

were observed within the CR2-negative (Q4 quadrant) region on the CR2-PE plot, 

compared to the uninduced Ramos cells (Figure 3.9F compared with Figure 3.9B) (Notch 

inhibition, Q4: 14.8 ± 0.15 compared to Uninduced Ramos, Q4: 5.6 ± 0.31). Additiona lly, 

Notch inhibited Ramos cells also showed a lower fluorescence intensity than uninduced 

Ramos cells (Figure 3.10, Ramos: red compared with Notch inhibited: blue) (Table 3.2, 

Ramos MFI: 3356 ± 150 compared with Notch inhibited MFI: 2578 ± 69). In sum, there 

was a small population of Ramos cells where CR2 surface expression was increased 

following Notch activation (Figure 3.10, orange), and a small population of Ramos cells 

where CR2 surface expression was decreased following Notch inhibition (Figure 3.10, 

blue), compared to uninduced Ramos cells (Figure 3.10, red).  
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Figure 3.10: Notch activated Ramos cells showed a greater MFI than Notch 

inhibited Ramos cells. 

A plot of fluorescence versus count was generated for the Ramos control (red), Notch 

activated Ramos cells (orange) and Notch inhibited Ramos cells (blue) and overlayed. 

Overall, Notch activated Ramos cells showed a greater MFI than the Ramos control 

(Table 3.2). In contrast, Notch inhibited Ramos cells showed a lower MFI than the Ramos 

control (Table 3.2). Plot is representative of three independent biological replicates.  
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Table 3.2: Triplicates of MFI and CV of Ramos cells analysed by flow cytometry 

 Ramos Notch activation Notch inhibition 

MFI CV (%) MFI CV (%) MFI CV (%) 

#1 

#2 

#3 

3548 

3059 
3460 

64.1 

63.4 
65.0 

4530 

3916 
3869 

79.4 

81.2 
79.8 

2716 

2518 
2501 

86.9 

85.9 
86.7 

Average: 

SEM: 

3356 
150 

64.2 
0.463 

4105 
213 

79.8 
0.546 

2578 
69.0 

86.5 
0.306 

MFI: Mean Fluorescence intensity, CV: Coefficient of variation 
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3.4 Discussion 

3.4.1 Notch signalling can be rapidly activated within 24 h in co-cultured pre-B cells 

and is γ-secretase dependent 

A co-culture system was set up utilising stromal cells expressing DLL1 (OP9-DLL1 cell 

line) as previously described by Schmitt and Zúñiga-Pflücker186. This co-culture system 

served to activate Notch signalling in the human pre-B cells utilised in these studies. 

Pre-B cells were first harvested following 24 h of co-culture. To ensure that Notch 

signalling was activated, the canonical Notch target gene, HES1, transcript abundance 

was measured. HES1 upregulation was only observed in Notch activated pre-B cells and 

not in Notch inhibited pre-B cells, or uninduced controls cells grown for 24 h. The 

abolishment of HES1 mRNA expression by a GSI, DAPT, supports our understanding of 

Notch signalling requiring γ-secretase cleavage of the Notch receptor to release ICN into 

the nucleus for transactivation64,65,206. Furthermore, the rapid activation of Notch 

signalling following 24 h of co-culture is in line with a previous study by Ong and 

collaborators205. Specifically, they demonstrated that upon removal of a Notch inhib itor 

treatment, Notch signalling was rapidly re-activated in 6 h in murine foetal kidney205. 

At present, there are multiple methodologies for initiating Notch signalling and depending 

on the methodology, varying response times will ensue. Here, we present interactions 

through a co-culture system to mimic the microenvironment between bone marrow 

stromal cells and pre-B cells. In co-culture interaction of pre-B cells with stromal cells, 

Notch activation is initiated through ligand-receptor binding. An alternative method of 

Notch activation involves fixing ligand onto the surface of tissue flasks and seeding cells 

into the flasks207. Specifically, Sprinzak and co-workers208 utilised this plated ligand 

system to activate Notch signalling in a mammalian (CHO-K1) cell line and observed 

activation of Notch following 24 h of culture208. The time frame of Notch activation 

reported by Sprinzak and co-workers208 fits the data presented here. Another method for 

detecting Notch activation was devised by Ilagan and colleagues209 involving real- time 

imaging. A luciferase complementation imaging (LCI) system was developed, where the 

luciferase (Luc) protein is synthesised as two halves (NLuc and CLuc), that are fused to 

ICN1 and CBF1, respectively209. Following Notch activation, ICN1 is translocated into 

the nucleus and binds to CBF1, bringing the two halves of Luc into proximity thereby 

producing luciferase activity detectable with the LCI system. Following Notch activation, 

luciferase activity was observed as early as 1 h and spiked at 2 to 3 h, before stabilis ing 

following 24 h of activation209. In the same report, Ilagan and colleagues209 demonstrated 



 

67 
 

that the addition of soluble Dll1 ligand to a culture of mammalian cells can induce 

maximal Notch activity at 4 h209. Whilst this study showed that Notch signalling can be 

rapidly activated in a matter of hours, Sprinzak and co-workers208 indicated a delay 

between activation of Notch and the expression of Notch target genes208,209.  

3.4.2 Notch activation (for 24 h) results in a slight increase in CR2 transcript 

abundance in co-cultured pre-B cells 

Upon validation that Notch signalling was activated in our co-culture system, CR2 

transcript abundance was measured in the same pre-B cells. Interestingly, variable 

induction of CR2 expression was also observed in the co-cultured pre-B cells, suggesting 

that short-term Notch signalling did not fully attenuate CR2 silencing in these non-CR2 

expressing pre-B cells.   

3.4.3 Long-term Notch activation induced stable CR2 expression in non-CR2 

expressing pre-B cells 

To extend the investigation, pre-B cells were co-cultured for up to 11 days and harvested 

to examine CR2 transcript abundance. Increased CR2 mRNA expression was observed 

across all time points of co-culturing, with CR2 induction plateauing following seven 

days of Notch activation. This indicated that whilst Notch activation was able to attenuate 

CR2 silencing in pre-B cells, Notch signalling alone was insufficient to increase CR2 

expression to that observed in mature B cells.  

HES1 mRNA expression was also measured by qPCR in the co-culture system. 

Interestingly, there was an inverse pattern of HES1 mRNA expression compared to CR2 

mRNA transcript abundance. Specifically, CR2 mRNA expression increased during 

continuous co-culturing, whilst HES1 transcript abundance decreased following 

continuous Notch activation. This data suggests that CR2 expression might be indirect ly 

initiated by HES1; however, continuous HES1 expression is subsequently not required 

for stable expression of CR2 mRNA following Notch activation. Indeed, Ebf1 knockout 

murine pre-pro-B cells demonstrated increased Hes1 and Notch3 expression when ectopic 

expression of Ebf1 was reintroduced back into these mutant cells. This suggested that 

EBF1 has a synergistic function with Notch signalling during early B cell development21 0 .  

3.4.4 There is negative feedback regulation of HES1 mRNA in mature B cells 

Prior to co-culture, basal HES1 mRNA expression was examined in both pre-B and 

mature B cells. Interestingly, HES1 transcript abundance was significantly higher in 
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mature B cells than pre-B cells, indicating that endogenous Notch signalling may be 

activated in mature B cells.  

Co-culture was subsequently performed on Ramos cells, which represent the mature stage 

of B cell development. Unexpectedly, Notch-activated mature B cells showed decreased 

HES1 expression across all time points tested. This result aligns with previous reports on 

the negative feedback of HES1 expression211,212. Hirata and co-workers211 first identified 

an oscillating pattern of Hes1 protein expression in cultured murine cells, reportedly due 

to the negative regulation of Hes1 mRNA211. Subsequently, Shimojo and co-workers212 

employed real time imaging and detected an oscillating and inverse expression of Hes1 

and Dll1212. Dll1 expression activates Notch signalling in surrounding neural progenitors 

to cause an asymmetric differentiation of neural cells. In turn, the induced Hes1 

expression suppresses Dll1 level to negatively regulate Notch signalling212. In the context 

of B cell development, excessive Notch activation may result in this negative signall ing 

feedback mechanism. In contrast, Notch inhibited mature B cells showed decreased HES1 

mRNA expression that was likely due to the GSI, DAPT, inhibiting endogenous Notch 

signalling in the mature B cells. This ultimately results in reduced HES1 mRNA 

abundance. Taken together, mature B cells co-cultured with OP9-DLL1 show that 

external Notch activation was able to cause negative feedback of endogenous Notch 

signalling.  

3.4.5 Notch activated mature B cells demonstrated an increase in CR2 mRNA 

expression 

The overall effects of Notch activation on CR2 mRNA expression within mature B cells 

are yet to be elucidated. To this end, the Ramos cell line was utilised to represent 

CR2-expressing mature B cells co-cultured for Notch activation. In uninduced Ramos 

cells, CR2 mRNA was detected by qPCR, as expected. Interestingly, Notch activated 

Ramos cells showed an increase in CR2 mRNA expression compared to uninduced 

Ramos cells, with a 24% to 53% increase consistently observed across all time points 

tested. In contrast, Notch inhibited mature B cells showed a variable change in CR2 

expression ranging from 2% decrease to 29% increase in CR2 transcript abundance 

compared to the control mature B cells. This data indicated that whilst the transcript 

abundance change might not be statistically significant, there was a constant induction of 

CR2 mRNA by Notch signalling above endogenous levels compared to the control.  
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3.4.6 A small population of pre-B Notch demonstrated increased CR2 surface  

expression without undergoing apoptosis 

When pre-B cells were co-cultured with an extended period of Notch activation, CR2 

surface expression was only observed in a small population of pre-B cells. This suggests 

other translational mechanisms are operating to regulate CR2 expression in the transition 

from pre-B cell to mature B cell. It is likely that CR2 mRNA expression is (considered) 

ectopic in Notch activated pre-B cells, and may therefore be degraded by the cells  

regulatory mechanisms before translation can occur213–215.  

Co-cultured pre-B cells were also harvested following 24 h of Notch activation and 

analysed for apoptotic markers by imaging flow cytometry. The use of imaging flow 

cytometry also allowed visualisation of single cells for their cellular morphology. 

Additionally, this method allowed visual differentiation between healthy cells and 

autofluorescing dying cells. Data from imaging flow cytometry indicated that pre-B cells 

co-cultured for Notch activation were not induced to undergo apoptosis. Furthermore, a 

small population of pre-B cells were positive for CR2 expression, indicating a 

reproducibility of observed CR2 induction in pre-B cells across different flow cytometric 

platforms.  

3.4.7 Notch activated Ramos cells display increased CR2 expression 

Similarly, flow cytometric analysis was performed on co-cultured Ramos cells to examine 

CR2 surface expression. Notch activated mature B cells showed a higher MFI of CR2 

expression compared to uninduced mature B cells. This result is in agreement with the 

concomitant increase in CR2 mRNA expression observed. In contrast, Notch inhib ited 

mature B cells showed a lower MFI compared to the uninduced mature B cells. 

Furthermore, CR2 mRNA expression in Notch inhibited mature B cells was similar to the 

uninduced mature B cells. This suggests there may be a post-translational mechanism of 

regulating CR2 expression following Notch signalling. It is possible that the regulat ion 

of CR2 translation may be mediated through the eukaryotic translation initiation factor 6 

(eIF6). The eIF6 gene is regulated by Notch signalling, as demonstrated by in vitro and 

in vivo gain-of-function experiments. Furthermore, a functional CBF1 site has been 

identified in the promoter of the eIF6 gene. Interestingly, GSI inhibition of Notch 

signalling in T cells show abated eIF6 expression216. Therefore, it is likely that GSI 

inhibition of Notch signalling in mature B cells results in decreased eIF6 expression that 

regulates translation of CR2 mRNA. CR2 mRNA translation could also be regulated 
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through the eukaryotic translation initiation factor 4E (eIF4E), which functions by 

binding to the 5’ cap of mRNA to initiate translation217. Inhibition of NOTCH1 by small 

interfering RNA (siRNA) in patient-derived chronic lymphocytic leukaemic cells 

affected expression of anti-apoptotic protein Mcl-1, without changes in Mcl-1 mRNA 

abundance. Further investigation demonstrated that eIF4E showed decreased 

phosphorylation, affecting translation of Mcl-1218. Hence it is possible that eIF4E has a 

role in translation of CR2 mRNA and decreased in Notch signalling affects eIF4E 

function. Both these functions of eIF6 and eIF4E raise the possibility that Notch 

signalling regulates gene expression at the levels of transcription and translation. It would 

be of interest to determine the changes in expression of genes involved in translation when 

Ramos cells are subjected to Notch activation or inhibition. 

 

3.5 Concluding remarks 

We present data on the effects of Notch signalling at two stages of B cell development; 

non-CR2 expressing pre-B cell and CR2-expressing mature B cells. In the work presented 

in this chapter, we have provided evidence to show that the co-culture system is able to 

activate Notch signalling in human pre-B cells. Further analysis of co-cultured pre-B cells 

demonstrates CR2 mRNA expression was stably upregulated with extended period of 

Notch activation, with an inverse correlation to HES1 mRNA expression. Furthermore, 

this increase in CR2 mRNA expression results in an induction of CR2 surface expression 

in a small population of pre-B cells.  

When mature B cells were activated by Notch signalling, decreased HES1 mRNA 

expression was observed, potentially due to a mechanism of negative feedback on HES1 

itself. In contrast, Notch activation of mature B cells shows increased CR2 mRNA 

expression, with a concomitant increase in CR2 surface expression. When Notch 

signalling was inhibited in mature B cells, CR2 mRNA expression was not affected. 

Conversely, CR2 surface expression decreases, suggesting regulation of CR2 at the level 

of translation following Notch signalling.  
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Chapter 4  

Elucidation of Chromatin Accessibility 

Changes Across CR2 Regulatory Regions 

Following Notch Signalling in B Cells 
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4.1 Introduction 

4.1.1 CBF1: Transcriptional repressor and activator 

Following activation of the Notch signalling pathway, ICN is cleaved, translocated into 

the nucleus and bound to CBF1 within Notch target genes. During this process, 

corepressors are displaced, and coactivators are recruited, resulting in de-repression of 

Notch target genes (Figure 4.1).  

Prior to Notch activation, CBF1 is bound to regulatory regions of target genes and 

interacts with corepressors to bring about gene silencing (Figure 4.1A). Early 

investigations identified the role of CBF1 in repressing target genes, where the repressor-

interacting domain region was identified to be within amino acid 179 – 36174,219,220. 

Subsequent studies have identified several corepressors that are involved in the silenc ing 

complex, which are outlined below2,221.  

SKIP (Ski-interacting protein) is an evolutionarily conserved transcription factor that 

binds to CBF1 in both the repressing and activating complex of Notch signalling (Figure 

4.1A). Besides interacting with CBF1, SKIP also interacts with SMRT (Silenc ing 

mediator for retinoic acid and thyroid hormone receptor) and CIR (CBF1 interacting 

repressor)222–225. The first 200 amino acids of SKIP are required to bind SMRT225. CIR is 

a corepressor of SKIP, however, CIR itself is able to bind directly with CBF1226 (Figure 

4.1A). CIR has also been identified to bind to SMRT224. SMRT has been identified as 

another direct binding partner of the CBF1 repressor complex227.  

SHARP (SMRT and HDAC associated repressor protein) is another transcription factor 

known to bind to CBF1 (Figure 4.1A). A study by Shi and co-workers228 had initia l ly 

identified SHARP as a SMRT associated protein, through the interaction of the lysine -

serine-aspartic acid domain within the SMRT protein, with the SMRT-interacting domain 

of SHARP228. However, a subsequent study by Oswald and colleagues229 demonstrated 

that SHARP is capable of directly binding to CBF1, through the interaction domain 

located between amino acids 2803 – 2817229. Using the mouse homologue of SHARP, 

Mint, it was identified that a RAM7 domain within Mint is required for interaction with 

CBF1. Interestingly, knockout of Mint in mice was shown to be embryonically lethal. 

Mutant Mint mice displayed an elevation of marginal zone B cells, with a concomitant 

decrease in follicular zone B cells 230. This phenotype is in keeping with the literature, 

where Notch signalling plays an important role in marginal zone or follicular zone B cell 

development193,194. 



 

 
 

7
3
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: CBF1 functions as both a repressor and an activator depending on the transcription factors that are recruited to the complex. 

A) CBF1 recruits a multitude of corepressors that deacetylates and demethylate histone residues to prevent the transcription of Notch target genes. Prior 

to Notch activation, SHARP recruits KMT2D to poise genes for Notch activation. 

B) When Notch signalling is activated, ICN is translocated into the nucleus and binds to CBF1, where it recruits coactivators that acetylate and methylate 

histone residues to allow for the recruitment of RNA polymerase II for transcription of Notch target genes. 

For other proteins listed in this figure, refer to the accompanying text in this chapter.
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KyoT2 is another transcription repressor identified to bind CBF1231 (Figure 4.1A). The 

structural interaction of CBF1 with KyoT2 was resolved by crystallography, where a 

conserved tetrapeptide motif (within the C terminus of the KyoT2 protein) is believed to 

play an important role in binding to CBF1232. Interestingly, the alternatively spliced 

isoform of the gene (KyoT), KyoT1, does not bind CBF1231.  

ETO is another transcription repressor identified within the CBF1 repressor complex 

(Figure 4.1A). In vitro ETO repressor activity has been shown to require the binding of 

the corepressor, SHARP, to the CBF1 complex233. Additionally, interaction between ETO 

and SMRT were also identified through co-immunoprecipitation and yeast two-hybrid 

assays234.  

Another group of proteins that bind to CBF1 are CtBP (C-terminal binding protein) and 

CtIP (CtBP-interacting protein) (Figure 4.1A). Whilst investigating the interaction 

between CBF1 and SHARP, Oswald and colleagues235 detected in vitro and in vivo 

binding of both CtBP and CtIP to the CBF1/SHARP complex, with contact to both CBF1 

and SHARP235. However, there is a lack of evidence showing if CtBP and CtIP can 

interact directly with CBF1 without the presence of SHARP, or if either CtBP or CtIP are 

redundant in the repressor complex. Nonetheless, there appears to be a requirement of 

both transcription factors for the repression of the canonical Notch target gene, Hey1, in 

mouse embryonic fibroblasts235.  

Lastly, LSD1 (Lysine specific demethylase 1) is another transcription factor identified 

that binds CBF1 (Figure 4.1A). Like CBF1, LSD1 can function as both an activator and 

a repressor236,237. In conditional knockout Lsd1 mutant mice, Hey1 expression was 

upregulated in the pituitary, indicating that LSD1 is a repressor of the Notch signall ing 

pathway238. Interactions between CBF1 and LSD1, as well as LSD1 with CtBP were also  

detected using co-immunoprecipitation and ChIP, respectively238,239.  

Together, the interacting partners of CBF1 support the crucial role of histone modifica t ion 

in repression of Notch target genes. The current knowledge of gene activation and 

repression is that histone modifying enzymes alter the affinity of DNA around 

nucleosomes, which typically involves addition and/or removal of acetyl and methyl 

group to specific residues on particular histone proteins. In the case of gene silencing, the 

histone modifying enzymes increase the wrapping of DNA around the histone, thereby 

reducing the accessibility of regulatory regions to transcription factors240–243. In the 

context of Notch signalling, CBF1-dependent histone demethylase, KDM5A, was 
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enriched to CBF1 sites on a Notch target gene, Deltex-1, resulting in a concomitant 

decrease in H3K4me3, a histone mark of active gene promoters244. Furthermore, a 

previous study utilising immunoprecipitation and two-hybrid screening assays 

demonstrated both direct and indirect interactions of SKIP with SMRT, HDAC2 (Histone 

deacetylase-2) and SIN3A223,224. Both HDAC2 and SIN3A have previously been 

established as part of a histone modifying repressor complex245,246. Furthermore, HDAC1 

was identified as a corepressor of SMRT, binding to CBF1 within the silencing complex. 

Oswald and co-workers229 also detected HDAC binding to SHARP, whilst SKIP 

interaction with SHARP enhances repressor activity229. Using yeast two-hybrid assays, it 

was identified that CIR binds with both HDAC2 and SAP30, a member of the HDAC 

complex226. It was previously reported that RING1 and HPC2, two corepressors that are 

part of the polycomb group (PcG) repressor complex, bind KyoT2. Although neither 

RING1 nor HPC2 binds to CBF1, they are tethered to KyoT2 to mediate transcriptiona l 

repression247,248. ETO has been shown to have HDAC-dependent repressor activity, 

which was demonstrated when the addition of a HDAC inhibitor inactivated ETO 

repressive function233. CtBP has in vitro and in vivo histone methylation and deacetylation 

activity on H3K9, through the function of other histone modifying proteins that interact 

with it236,249. LSD1 has histone demethylation function and its binding partners within the 

repressor complex include HDAC1, HDAC2 and SIRT1250,251. Notch activation has been 

shown to decrease LSD1 and CtBP1 binding to CBF1 sites within the HES1 gene 

promoter, resulting in a concomitant increase in HES1 expression, as well as enrichment 

of H3K4me3, H4K16ac and H1.4K26ac. This suggests that Notch activation displaces 

these corepressor complexes239. 

The aforementioned corepressors function through histone modification and epigenetic 

alteration to silence Notch target genes. This mechanism of repression is mediated 

through changes in accessibility of DNA to transcription factors binding the regulatory 

regions of target genes. However, it has been established that repression of Notch target 

genes can occur through alternate mechanisms. Olave and co-workers252 provided 

evidence of CBF1 interacting with both TFIIA and TFIID (components of the 

transcription initiation complex). Additionally, this interaction disrupted the proper 

formation of a transcription initiation complex, thereby repressing the Notch target 

gene252. However, their study was not performed on a canonical Notch target gene, hence 

there is a need for further investigation of this putative mechanism of Notch signalling.  
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Following Notch activation, ICN is translocated into the nucleus and binds to CBF1. 

Upon binding to CBF1, corepressors are displaced, and coactivators are recruited , 

resulting in the activation of Notch targets. The ternary activation complex is formed 

between CBF1, ICN and MAML. There are additional coactivators that bind to CBF1 to 

activate Notch target genes (Figure 4.1B).  

The main transcription factor that binds to CBF1 is ICN. As previously mentioned, the 

interaction between CBF1 and ICN is through the RAM domain, as well as weaker 

interactions at the ankyrin repeats33,35. The interaction between CBF1 and the four 

alternate ICN proteins (ICN1-4) give different outcomes. For example, ICN3 activates 

the HES1 promoter to a lesser degree than ICN1253. Additionally, ICN3 acts as a repressor 

for ICN1-mediated activation of the HES1 promoter254. The modulation of ICN activity 

demonstrates an additional layer of regulation within the Notch pathway.  

Another core transcription factor within the Notch ternary complex is MAML (Figure 

4.1B). MAML is a coactivator that interacts with the ankyrin repeats of all four ICN 

proteins, and CBF1197,198. This interaction has been confirmed by crystallographic studies 

of all three core Notch complexes; CBF1-ICN-MAML255. Furthermore, the binding of 

MAML to CBF1-ICN is crucial for the transcriptional activation of Notch target genes256. 

However, the synergistic effect of MAML first requires the formation of CBF1-ICN, 

which suggests a mechanism of regulation to prevent aberrant activation of Notch target 

genes257. As previously mentioned, Maml1 conditional knockout mice showed defective 

development of marginal zone B cells. This was similar to the defect observed in a Notch1 

conditional knockout mouse model, demonstrating the importance of MAML in the 

activation of the Notch pathway196,199.  

As previously mentioned, SKIP has been shown to bind CBF1 in the repressor complex. 

However, SKIP has also been identified to remain bound in an activator complex (Figure 

4.1B), suggesting a role for SKIP as a tethering point for the transition to Notch activation. 

The interaction between SKIP and ICN is independent of the interaction between ICN 

and CBF1222,253.  

Additionally, LSD1 functions as an important part of the Notch activation complex 

(Figure 4.1B). The role of LSD1 as an activator was identified utilising loss-of-func tion 

experiments, and RNAi (RNA interference) technology on a T-acute lymphoblas t ic 

leukaemia cell line (T-ALL). In these experiments, it was observed that these T-ALL cells 

were dependent on Notch activation for survival. Furthermore knockdown of LSD1 
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resulted in a decrease of both HES1 and CR2 transcript abundance258. In contrast, LSD1 

and the androgen receptor have been shown to upregulate transcriptional expression of 

an androgen-receptor-dependent target gene237. This demonstrates a dual role of LSD1 as 

both a repressor and an activator.  

Whilst the CBF1 repressor complex modifies chromatin accessibility to prevent 

transcription of Notch targets, Notch activation relieves epigenetic silencing on these 

genes. Through the ternary complex (ICN1-CBF1-MAML), histone modifying enzymes 

are recruited to increase chromatin accessibility, specifically histone acetyltransferases 

(HATs), thus changing the charge on the histone tails. This relieves the wrapping of DNA 

around histone complexes, thereby making the chromatin more accessible to transcript ion 

factors240–243. One coactivator recruited is the HAT, p300, which has been shown to 

interact with both ICN (at an evolutionarily conserved domain C-terminal from the 

ankyrin repeats) and MAML253,259,260. Binding of p300 is essential for in vitro complex 

formation of CBF1-ICN-MAML on histone-wrapped DNA. This interaction was further 

verified by co-immunoprecipitation259,261. Furthermore, MAML recruitment of p300 

enhances acetylation of histone tails262. Interestingly, p300 is able to acetylate MAML, 

destabilising the complex, thereby allowing additional co-factors to be recruited260,262. 

Recent evidence has identified that acetylation of MAML is important for recruitment of 

the coactivator NACK that further recruits RNA polymerase II to Notch target genes263. 

Besides p300, PCAF and GCN5 are two other HATs that may also be recruited to the 

activation complex38,261. However, PCAF interaction with the complex requires the init ia l 

recruitment of p300, before transcriptional activation can occur261. The knock down of 

PCAF expression in a human oesophageal cell line reduces the acetylation of H3K9 on 

the HES1 promoter263. As previously mentioned, SHARP has been shown to bind CBF1 

in both the Notch activator and/or repressor complex suggesting it has a function in 

tethering other transcription factors. In the context of Notch activation, SHARP has been 

identified to recruit a histone methyltransferase, known as KMT2D. KMT2D is known to 

trimethylate H3K4, a histone mark associated with transcriptionally active chromatin.  

Oswald and colleagues264 identified a decrease in H3K4me3 at the HES1 promoter, when 

the Notch signalling pathway was inhibited with a GSI. However, upon binding of ICN 

to CBF1, SHARP was displaced, suggesting a role for SHARP in maintaining Notch 

target genes in a poised state for transcriptional activation264. Similarly, LSD1 has been 

shown to function as both a Notch coactivator and a corepressor. Whilst bound to the 

Notch repression complex, LSD1 demethylates H3K4me1 and H3K4me2 histone 
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marks250,251. Conversely, in the Notch activation complex, LSD1 demethyla tes 

H3K9me1-3237. Whilst there is a conflicting role of LSD1 in demethylating histone marks 

in both Notch activation and inhibition, it is likely that this is cell-context-dependent. 

Taken together, these data suggest that multiple mechanisms exist for spatial and 

temporal regulation of Notch target genes.  

4.1.2 Methodologies for detecting changes in chromatin accessibility 

As Notch target genes cycle between activation and repression, there is a change in the 

transcription factor complexes bound to regulatory regions surrounding Notch targets. 

Different combinations of transcription factors will alter epigenetic marks and 

concomitantly impact chromatin accessibility of gene regulatory regions, depending on 

the state of transcriptional activity (Reviewed by Voss & Hager 265). Many researchers 

have elucidated the relationship between histone modifications and gene regulatory state 

to better clarify the epigenome and histone modifications that make up the ‘histone 

code’266–268. A prevailing feature of promoters and enhancers is the lack of nucleosomes, 

with an accompanying increase in DNase I hypersensitivity surrounding these regions266 . 

By combining such ‘histone code’ data with the analysis of chromatin accessibility, the 

knowledge gained will shed light on the chromatin landscape and its role in regulat ing 

transcription.  

In recent times, there have been multiple methodologies developed for investigation of 

chromatin architecture (Reviewed by Tsompana & Buck269). These methodologies 

include DNase-seq (Deoxyribonuclease I followed by sequencing), MNase-seq 

(Micrococcal nuclease followed by sequencing), FAIRE (Formaldehyde-associated 

isolation of regulatory elements), ATAC-seq (Assay for transposase-accessible chromatin 

followed by sequencing) and ChART-PCR (Chromatin accessibility real-time PCR) 

(Figure 4.2). Such techniques interrogate the accessibility of chromatin, by isolating 

histone-free DNA, or DNA that is protected by histones and/or transcription factors. Both 

DNase-seq and MNase-seq are similar, but differ in the type of DNA that is isolated for 

sequencing. Briefly, in DNase-seq, DNase I is used to digest nucleosome-free DNase I 

hypersensitive regions that are then harvested for next generation sequencing270,271. 

Conversely, MNase-seq uses MNase to digest the linking DNA between nucleosomes, 

upon which histone-bound DNA is harvested and subsequently sequenced272. Hence, both 

techniques (DNase-seq and MNase-seq) screen different regions of the chromatin 

landscape. 
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Figure 4.2: Various methods are available for detecting chromatin accessibility 

across genomic sequences. 

MNase-seq, DNase-seq, FAIRE, ATAC and ChART-PCR are differing methods for 

detecting chromatin accessibility through isolation of either naked DNA or DNA that is 

protected by transcription factors (blue oval, TF), or histones (green circles). Briefly, 

MNase-seq profiles histone-wrapped DNA; DNase-seq profiles naked DNA; FAIRE 

compares differences in detecting fragmented crosslinked DNA or non-crosslinked DNA; 

ATAC utilises the Tn5 transposase (grey circles) to add adapters (orange and purple bars) 

for detection; ChART-PCR compares the difference in digested fragments (by restriction 

enzyme, MNase, or DNase) or undigested genomic sequence.  

Figure adapted from Tsompana & Buck269. 
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FAIRE involves crosslinking of nucleosomes by formaldehyde, prior to sonication to 

yield nucleosome-free DNA for sequencing, qPCR or microarray analysis. By 

comparison with non-crosslinked DNA, nucleosome-free regions can be detected273. The 

ATAC method requires as little as 50,000 cells. This technique utilises a prokaryotic 

transposase enzyme, Tn5, that has a preference for exposed DNA between nucleosomes. 

During the binding of Tn5 to DNA, adapters are then added to the ends of exposed 

chromatin and amplified before the library is sequenced, allowing for the detection of 

open chromatin274,275.  

The ChART-PCR technique is able to assess regions of open chromatin. Nuclei are 

isolated and digested with either restriction enzyme(s), MNase or DNase I. The amount 

of intact library fragments produced will therefore be inversely proportional to the degree 

of digestion across the region of interest. The difference in fragmentation can then be 

quantified by qPCR to determine chromatin accessibility of the genomic region, i.e. open 

chromatin will produce more digested fragments, and therefore demonstrate an increased 

Cq (quantification cycle), compared to closed chromatin regions276. This method has 

previously been established in our laboratory using restriction enzymes, MNase and 

DNase I, hence this was the method of choice for our investigation of chromatin 

accessibility surrounding CR2 regulatory regions.  

4.1.3 Aims 

We have shown that Notch activation in non-CR2 expressing pre-B cells induced 

expression of CR2 mRNA. We hypothesised that the induction of CR2 mRNA is likely 

due to a concomitant increase in chromatin accessibility around the CR2 regulatory 

regions. Furthermore, previous bioinformatic analysis identified the presence of two 

CBF1 sites within the CR2 promoter, as well as a CBF1 binding site within the CRS183. 

As such, we set out to: 

1. Optimise the ChART-PCR protocol with DNase I digestion and validate the use 

of positive and negative controls to allow uniform analysis across the cell lines 

tested. 

2. Elucidate chromatin accessibility of CR2 regulatory regions in CR2-expressing 

and a non-CR2 expressing B cells. 

3. Elucidate chromatin accessibility of CR2 regulatory regions in pre-B cells 

following Notch activation.  
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4.2 Materials and Methods 

4.2.1 Mammalian cell lines 

Reh and Ramos cell lines represent two stages of B cell development that transition from 

a non-CR2 expressing pre-B cell to a CR2-expressing mature B cell.  

Reh co-cultures were performed as previously described (Section 3.2.2). Briefly, Reh 

cells were co-cultured with OP9-DLL1 stromal cells for either Notch activation or 

inhibition. Co-cultured Reh cells were harvested at multiple different time points; 24 h, 

three, five, seven and nine days.  

Chromatin accessibility assays were performed on Reh, Ramos and co-cultured Reh cells.  

4.2.2 Nuclei isolation 

To investigate potential changes in chromatin accessibility during Notch signalling, the 

ChART-PCR technique was employed, as previously developed by Rao and 

colleagues276. This required the isolation of intact nuclei from cells before digestion of 

genomic DNA with endonuclease. Briefly, approximately 3.75 × 106 cells were harvested 

by centrifugation at 200 × g for 5 min at 4°C. The cells were washed once with 1 mL of 

ice-cold 1x PBS, before resuspending the cell pellet in 1 mL NP-40 lysis buffer (0.5 % 

(v/v) Igepal CA-630 (Sigma-Aldrich, Missouri, USA), 10 mM Tris-HCl, 10 mM NaCl, 

3 mM MgCl2, 0.15 mM Spermine (Sigma-Aldrich, Missouri, USA), 0.5 mM Spermidine 

(Sigma-Aldrich, Missouri, USA)), incubated on ice for 10 min to lyse the cell membrane 

and expose the nuclei. The nuclei are isolated by centrifugation at 800 × g for 5 min at 

4°C. The nuclei were then washed with 500 µL of RT 1x CutSmart® buffer (NEB, 

Massachusetts, USA) at 800 × g for 5 min at 4°C, resuspended in 150 µL 1x CutSmart® 

buffer and divided into 50 µL aliquots of approximately 1.25 × 106 cell nuclei each.  

4.2.3 Digestion of nuclei with DNase I 

To determine chromatin accessibility, intact nuclei were digested with DNase I. Briefly, 

1 U of RNase-Free DNase (Promega, Wisconsin, USA) and 5 µL of RNase A (@ 

10 mg/mL) (Thermo Fisher Scientific, Massachusetts, USA), resuspended in 50 µL of 

pre-warmed 1x RQ1 DNase Reaction buffer (Promega, Wisconsin, USA), was added to 

50 µL of nuclei (Section 4.2.2). As an “uncut” control, 50 µL of 1x RQ1 DNase Reaction 

buffer and 5 µL of RNase A (@ 10 mg/mL) were added in replacement of DNase I. 

Digestion of DNA was carried out at 37°C for precisely 10 min, before stopping the 

reaction by adding 10 µL of RQ1 DNase Stop Solution (Promega, Wisconsin, USA). 
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Digested genomic DNA was isolated and purified using the QIAquick PCR purifica t ion 

kit and its recommended protocol (Section 2.2.3.2). The “uncut” DNA was isolated and 

purified using the QIAamp blood mini kit, as outlined by the manufacturer’s instruct ion 

(Section 2.2.3.2). Both “uncut” and “cut” fragments were quantified using the ND-1000 

nanodrop spectrophotometer (Section 2.2.3.7). Approximately 500 ng of both “uncut” 

and “cut” DNA were visualised by agarose gel electrophoresis (Section 2.2.3.1).  

4.2.4 Chromatin Accessibility Real-Time PCR (ChART-PCR) 

Real time quantitative PCR (qPCR) was performed to investigate chromatin accessibility 

through detecting differences in the Cq values. Both “uncut” and digested samples were 

diluted to 10 ng/µL before qPCR analysis (Section 2.2.3.6). Primer pairs used for the 

analysis of the CR2 promoter and CRS are listed in Table 4.1. Primers were designed to 

amplify across the putative CBF1 binding sites (Figure 4.3). Additionally, positive and 

negative control regions within the β2 microglobulin (β2m) and uromodulin (UMOD) 

genes, were used as internal controls for efficiency of digestion and for normalisa t ion 

across cell types, respectively (Table 4.1). 

The Mic qPCR cycler (Bio Molecular Systems, Queensland, Australia) was used for the 

qPCR, with the following conditions: 

Temperature (°C) Time 

95 10 min 

95 10 s 

53 – 63 15 – 30 s 

72 8 – 15 s 

95 15 s 

55 15 s 

0.1°C/s increment to 95°C 

 

Analysis of the qPCR results were performed on the micPCR software (version 2.6.0) 

(Bio Molecular Systems, Queensland, Australia).  

45 cycles 

 Melt Curve Analysis 
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Table 4.1: List of primers used for ChART-PCR. Primer positions for CR2 ChART-
PCR are listed in relation to the TSS, whilst B2m and UMOD primer positions are listed 

as genomic coordinate. 

Primer Sequence (5’ → 3’) Position Product 

size (bp) 

CR2pF_F GATTCGCCTATCCCAGTTAACC -1209/-1188 
111 

CR2pF_R AGTTTCTGTGGGTCGGTCAG -1099/-1118 

CR2pE_F TGGACCAGGAAAAACAAAGGTT -867/-846 
180 

CR2pE_R TGGTTCACTAAGGACTTTCTGTTCC -688/-712 

CR2pD_F TCTGGGTGACAAGTATATGGGA -542/-521 
105 

CR2pD_R ATTTAGGAACAGCAGCCACTTC -438/-459 

CR2pC_F CAAACTGGGAGATGAATCCAC -410/-390 
148 

CR2pC_R CACAAGTTAGTACTCACCCT -263/-282 

CR2pB_F GATTACTAAGGGTGAGTACTAACTTG -290/-265 
189 

CR2pB_R GTGGGACAAGCGGGAG -102/-117 

CR2pA_F TCCCGCTTGTCCCACCCTCA -116/-97 
104 

CR2pA_R AGGCGGGCCCTTAAATAGTGTCC -13/-35 

CR2pZ_F CACTATTTAAGGGCCCGCC -32/-14 
165 

CR2pZ_R GACGAGAGCCAAGAAAACCC +133/+114 

CR2pY_F ATAAACCGCCTGGTCCTGAT +300/+319 
175 

CR2pY_R GATGAGCACCTGCAGAATCC +474/+454 

CRS1_F TCCTTTGCCAAGCTTCATTT +3935/ 

+3954 
152 

CRS1_R TGGAGAGTTCAAGCAGGAGA +4085/ 
+4066 

CRS2_F GGAGCATACCAAATCCATTCCT +4229/ 

+4250 
191 

CRS2_R GTAATGCACTGGAAGGAGAAGG +4419/ 
+4398 

CRS3_F CAGTCTGTCTCTTTCTGTTGGATT +4490/ 

+4513 
187 

CRS3_R TGCAATGTTCTATTCCCAAACA +4676/ 
+4656 

CRS4_F GAAGGATGTTCTTGTAGGGTTGC +4850/ 
+4872 

102 
CRS4_R AGGGTTCTCATGCTTGTATACCT +4951/ 

+4929 

CRS5_F ATAATGATTTTCCCTCCTACCTGC +5125/ 
+5148 

117 
CRS5_R GACTTTACCTGGAATGGCTTGG +5241/ 

+5220 

CRS6_F GTGTCTGAATGTCAAGTCACCA +5329/ 
+5350 

98 
CRS6_R ACTGGACCCTCTTCACATCTTT +5426/ 

+5405 

CRS7_F TATGATCTGCCTTGTGACTTGG +5486/ 
+5507 

138 
CRS7_R TACGGATCACACTTTCTGGATG +5623/ 

+5602 
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CRS8_F GCACAGAGTAAGCACTTGGAGA +5907/ 

+5928 
171 

CRS8_R CCTTAGCTGTGACCCCAAACTA +6077/ 
+6056 

CRS9_F GACTTTCACCCGTACCTGTCTC +6139/ 

+6160 
96 

CRS9_R TCAGTTGTAAGGCCCTCCTAGA +6234/ 
+6213 

β2m 
ChART_F 

TTCACTAGGACCTTCTCTGAGC 

Chr15: 

45,003,161 
– 
45,003,182 

173 

β2m 
ChART_R 

ATTCGAGAAAACGGAAACCCAG 

Chr15: 

45,003,312 
– 

45,003,333 

UMOD 
ChART_F 

AGTAACCAAAGGAGATGATGCAA 

Chr16: 
20,364,821 
– 

20,364,843 
181 

UMOD 

ChART_R 
CACTCTCACACTGACTTTTGGAA 

Chr16: 
20,364,979 

– 
20,365,001 
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Figure 4.3: ChART-PCR primers were designed to amplify across putative CBF1 binding sites within the CR2 promoter and the CRS. 

Primers were designed to produce amplicons (grey bars) across the CR2 promoter and the CRS. The amplicons in the CR2 promoter were named 
CR2pA-F for regions upstream of the TSS, whilst regions downstream of the TSS were named CR2pY and CR2pZ. The amplicons in the CRS were 

named CRS1-9. Exon 1 of CR2 is shown by the black rectangle. 
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4.2.5 Calculating chromatin accessibility scores using qPCR 

Following each qPCR, the melt curve was examined prior to performing chromatin 

accessibility analysis. The data from the micPCR software was used to determine the 

purity of the amplified product, whereby the derivative of the fluorescence was examined 

to ensure that only a single primary peak was observed. Additionally, during the 

optimisation of the qPCR conditions, agarose gel electrophoresis (Section 2.2.3.1) was 

performed to confirm that only a single PCR product was amplified.  

Technical duplicates were performed for qPCR of each sample. The Cq values of both 

the “uncut” and “cut” samples were determined for each primer pair. Within the micPCR 

software, the baseline was set to “dynamic” to normalise the starting baseline of all 

samples. Cq values for all samples were then calculated by the software algorithm. To 

calculate chromatin accessibility scores, the differences in the average Cq values between 

the “uncut” and “cut” samples were determined. As such, there is an inverse relationship 

between the chromatin accessibility score and the degree of digestion. As a positive 

control, the ubiquitously expressed β2m gene was selected, whilst the UMOD gene was 

selected as a negative control for its unique kidney specific expression277–279. The positive 

control was used to ensure sufficient digestion of genomic DNA, whilst the negative 

control was used to normalise the results across cell types when the CR2 promoter and 

CRS primer sets were utilised between biological replicates. The normalisation was 

performed to take into account differences in DNase digestion between biologica l 

replicates.  

4.2.6 Calculation of degree of chromatin accessibility change between co-cultures 

A heatmap of difference in chromatin accessibility of the co-cultured Reh cells was 

generated. First, the difference between the mean of normalised chromatin accessibility 

scores, for Notch activated and Notch inhibited Reh cells, at all regions examined by 

ChART-PCR was calculated. A scale (between +0.25 to -0.25) was generated to represent 

the difference in chromatin accessibility between Notch activated and Notch inhib ited 

co-cultured Reh cells, with a colour gradient from green to white to red. The gradient of 

light to dark green blocks represented a region where the chromatin was more accessible 

in Notch activated Reh cells than Notch inhibited Reh cells; vice versa for the red blocks , 

whilst white blocks represented no change in chromatin accessibility between Notch 

activated or inhibited Reh cells. The values between +0.25 and -0.25 generated, 

encompassed 90% of the difference in chromatin accessibility values.  
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A separate heatmap of chromatin accessibility was also generated for Reh cells. A scale 

between 1 and 2 was generated to represent chromatin accessibility, where the value of 1 

represented chromatin accessibility equivalent to the UMOD gene (denoted as shades of 

red blocks), whilst a value of 2 represented chromatin accessibility equivalent of the β2m 

gene (denoted as shades of green blocks).  

4.2.7 Quantification of β2m and UMOD transcript abundance 

RNA was extracted from Reh and Ramos cells (Section 2.2.3.8), before reverse 

transcription into cDNA (Sectioned 2.2.3.9). Transcript abundance of β2m and UMOD 

were quantified using qPCR (Section 2.2.3.6), with primers (β2m: forward: 

5’-GGACTGGTCTTTCTATCTCTTGT-3’ and reverse: 5’-TGATGCTGCTTACATGT 

CTCG-3’; UMOD: forward: 5’-ACGTGTGAGGAGTGCAGTAT-3’ and reverse: 5’-

AGACTCTTCAGCTGGCACTT-3’) designed to amplify across exons to prevent 

amplification of any genomic DNA contamination. Agarose gel electrophoresis was also 

performed to ensure specific amplification.  

Plasmid standards were created containing the target amplicon for β2m and UMOD 

mRNA, using the TOPO TA cloning kit (Thermo Fisher Scientific, Massachusetts, USA). 

Plasmids were then cloned (Section 2.2.1.1, Section 2.2.1, Section 2.2.3.5) and sequenced 

(Section 2.2.3.3), before isolation on a large scale (Section 2.2.3.4) and further sequenced 

to ensure the right amplicon was cloned. These plasmids were then serially diluted (1:10) 

to create standard curves for the quantification of β2m and UMOD transcript abundance 

in both Reh and Ramos cells.  

The Mic qPCR cycler (Bio Molecular Systems, Australia) was used for qPCR, with the 

following thermal-cycling conditions:  

Temperature (°C) Time 

95 10 min 

95 10 s 

57 15 s 

72 10 s 

95 15 s 

55 15 s 

0.1°C/s increment to 95°C 

 

40 cycles 

Melt Curve Analysis 
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Quantity of β2m transcript was then normalised to β-actin transcript (Section 5.2.2). As 

UMOD is not expressed in Reh and Ramos cells, the absence of amplification was verified 

by qPCR melt curve analysis and gel electrophoresis.  

4.2.8 Statistical analyses 

One-way ANOVA with Bonferroni post hoc test were performed for multiple comparison 

when required. Statistical analyses were generated using GraphPad Prism (version 6.0) 

(GraphPad, USA). All graphed values represent the mean ± SEM.  

 

4.3 Results 

4.3.1 Establishing B2m and UMOD genes as ChART-PCR positive and negative 

controls, respectively 

In order to control for digestion efficiency and for the normalisation of data across all cell 

types tested, Cq of two control genes (β2m and UMOD) were analysed. The β2m gene 

was used as a positive control to ensure that efficient DNase digestion was achieved using 

the ChART-PCR protocol, whilst the UMOD gene was used as a negative control to set 

as a baseline for a region that is known to be inaccessible. The β2m gene is ubiquitous ly 

expressed in haematopoietic cells and was selected as a housekeeping gene for ChART-

PCR277. Using the Encyclopedia of DNA elements (ENCODE) database, a DNase I 

hypersensitive region within the promoter of the β2m gene was selected (Figure 4.4A). 

The UMOD gene is specifically expressed in the kidney and evidence shows that the 

chromatin surrounding the UMOD gene is only accessible in the kidney278,279. 

Furthermore, footprinting analysis, and ENCODE ChIP-seq data, have identified the 

absence of CBF1 binding within the proximal promoter of the UMOD gene279. The 

amplified region within the UMOD gene utilised in the current study lies in the promoter 

of the gene (Figure 4.4B).  

Using ChART-PCR, a significantly greater Cq difference was observed at the β2m gene 

than the UMOD gene in Reh, Ramos and co-cultured Reh cells (p<0.0001) (Figure 4.5). 

Across cells processed for ChART-PCR, there was a 2.4 Cq difference between “cut” and 

“uncut” samples at the β2m gene (Figure 4.5, black bar). In contrast, in all cells examined 

by ChART-PCR, there was an average of 0.9 Cq difference between “cut” and “uncut” 

samples at the UMOD gene (Figure 4.5, white bar). Additionally, there was no significant 

changes in Cq of the β2m region across all time points tested in co-cultured Reh cell 
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Figure 4.4: The amplified regions for both the (A) β2m and (B) UMOD genes are within the promoter.  

The ENCODE database with the GRCh37/hg 19 assembly was used. The following tracks are shown in order from top to bottom — UCSC Genes; 

DNase I hypersensitivity (HS) regions; in silico PCR (Amplicon); Transcription factor ChIP-seq; H3K27Ac mark of the GM12878 cell line; H3K4Me3 

mark of the GM12878 cell line.  

A) The amplicon lies 351 bp upstream of the β2m gene (on the forward strand) and across the first exon and intron of the PATL2 gene on chromosome 

15, at position 15q21.1. The region amplifies across DNase hypersensitive sites, multiple transcription factor binding sites and areas of histone 

modification identified to be associated to a promoter region. Within the ENCODE ChIP-seq track, each black or grey bar represents a unique 

transcription factor binding site. 

B) The amplicon lies 783 bp upstream of the UMOD gene (on the reverse strand) on chromosome 16, at position 16p12.3. There are few DNase 

hypersensitive sites, transcription factor binding sites and histone modifications in the promoter of the gene.  
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Figure 4.5: β2m promoter has higher chromatin accessibility than the UMOD 

promoter in all B cell lines tested. 

The β2m gene promoter (black bar) and the UMOD gene promoter (white bar) were used 

as a positive and negative control, respectively. All “cut” samples were digested for 

precisely 10 min and DNA was purified for ChART-PCR. The Cq difference between 

“uncut” and “cut” samples were then determined in all B cell lines by ChART-PCR. 

Results were depicted as mean ± SEM of at least three biological replicates. 

**** p<0.0001 
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samples with Notch inhibition or activation (Figure 4.6A) (Notch inhibition: p=0.460; 

Notch activation: p=0.428). Similarly, there was no significant change in Cq of the 

UMOD region at all time points tested in co-cultured Reh cells with Notch inhibition or 

activation (Figure 4.6B) (Notch inhibition: p=0.464; Notch activation: p=0.740). 

Combined, these data were supportive of using both genes, β2m and UMOD, as positive 

and negative controls, respectively for ChART-PCR analysis. Additionally, the transcript 

abundance of both β2m and UMOD were examined by qPCR in Reh and Ramos cells. As 

expected, expression of β2m mRNA was detected by qPCR (Figure 4.7A) and verified by 

gel electrophoresis (Figure 4.7B), whilst expression of UMOD mRNA was not detected 

in the two cell lines via qPCR and gel electrophoresis (Figure 4.7C). 

4.3.2 Increased chromatin accessibility was observed across the CR2 promoter as 

pre-B cells transition to mature B cells 

To determine chromatin accessibility across the CR2 promoter, the ChART-PCR method 

was employed, as first described by Rao and co-workers276. By digesting nuclei with a 

DNA endonuclease, regions of DNA that exist as heterochromatin are protected from 

digestion, compared to euchromatin. This varying degree of digestion may be quantified 

by qPCR, as regions that were protected from digestion produced a greater quantity of 

intact library for amplification by qPCR, compared to a more fragmented library from 

digested DNA, resulting in changes in Cq across different genomic regions.  

Chromatin accessibility across the CR2 promoter in Reh and Ramos cells were analysed 

to determine the state of accessibility at different stages of development; pre-B cell and 

mature B cell stages, respectively. ChART primers were designed to survey the CR2 

promoter, covering the 1.2 kb region upstream of the TSS. Using ChART-PCR, a 

significant difference in chromatin accessibility was observed at the CR2 promoter 

between Reh and Ramos (Figure 4.8, blue compared to green line). Whilst the CR2 

promoter in Reh cells remained relatively inaccessible (Figure 4.8, green line), the CR2 

promoter in Ramos cells was highly accessible, with increasing accessibility with closer 

proximity to the TSS (Figure 4.8, blue points). Both CBF1 binding sites (primer site 

CR2pD and CR2pA) were more accessible in Ramos than in Reh (Figure 4.8). The first 

exon of the CR2 gene was also examined, as it is believed that exons are usually more 

accessible when genes are actively being transcribed241. As expected, there was a 

significant increase in chromatin accessibility of exon 1 of CR2 in the CR2-expressing 

Ramos cells compared to the non-CR2 expressing Reh cells (Figure 4.8). 
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Figure 4.6: Both the β2m promoter and UMOD promoter chromatin accessibility 

remains unchanged following Notch activation or inhibition. 

ChART-PCR was performed on the (A) β2m and (B) UMOD gene following co-culture 

with either the Notch inhibitor (black bars), or Notch activation (white bars). Cq 

difference was calculated by the difference between the Cq of “cut” and “uncut” sample. 

One-way ANOVA with Bonferroni post hoc test was performed between each treatment. 

Results were depicted as mean ± SEM of three biological replicates. 
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Figure 4.7: Transcript abundance of β2m and UMOD mRNA in Reh and Ramos 

cells. 

A) β2m transcript abundance in Reh and Ramos cells were quantified by qPCR and 

normalised to β actin expression. Ramos expression of β2m was significantly greater than 

in Reh cells. Results were depicted as mean ± SEM of three biological replicates. 

* p≤0.05 

B) β2m expression was measured by qPCR and examined on an agarose gel to determine 

specificity of the PCR, as well as by melt curve analysis (data not shown). As expected, 

a single band was amplified from both Reh (lane 3) and Ramos (lane 4) total cDNA, with 

a positive control (lane 2). Lane 1 contained a 100 bp ladder. Nothing was amplified in 

the no template control using melt curve analysis and gel electrophoresis (data not 

shown). Gel image is representative of three biological triplicates. 

C) UMOD expression was measured by qPCR and examined on an agarose gel for 

specificity of the PCR, as well as by melt curve analysis (data not shown). As expected, 

Reh (lane 3) and Ramos (lane 4) cells do not express the UMOD cDNA, compared to the 

positive control (lane 2). Lane 1 contained a 100 bp ladder. Nothing was amplified in the 

no template control using melt curve analysis and gel electrophoresis (data not shown). 

Gel image is representative of three biological triplicates.  
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Figure 4.8: CR2 promoter chromatin was highly accessible in CR2-expressing 

Ramos cells, compared to non-CR2 expressing Reh cells. 

A) ChART-PCR was performed across the CR2 promoter in Reh and Ramos cells. Each 

point on the graph represents the mid-point of the amplicon examined. Chromatin 

accessibility at all regions examined across the promoter were normalised to the negative 

control (UMOD) gene promoter. The horizontal solid line (y=1) represents the baseline 

of inaccessibility with reference to the negative control. The vertical dotted line (x=0) 

represents the TSS of the CR2 gene, with the values on the x-axis representing the 

nucleotide positions in relation to the TSS. Results were depicted as mean ± SEM of three 

biological replicates. * p≤0.05; ** p≤0.01; *** p≤0.001 

B) A not-to-scale diagram represents the CR2 promoter, the two binding sites of the CBF1 

(orange circles), the TSS (bent arrow) and the first exon of the gene (black bar).  
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4.3.3 Chromatin accessibility of the CRS was higher in Ramos than Reh cells 

The CRS was also examined due its importance in regulating stage-specific expression 

of CR2. Furthermore, a functional CBF1 binding site has previously been identified by 

Makar and colleagues183 within this region. ChART-PCR primers were designed to span 

across the CRS including the CBF1 binding site. ChART-PCR analysis demonstrated that 

there were regions within the CRS that were significantly more accessible in Ramos cells 

compared to Reh cells (Figure 4.9). Specifically, the region upstream of the CBF1 binding 

site, CRS2, was more accessible in Ramos than in Reh cells (p=0.005), whilst the CBF1 

region, CRS3, was trending towards significance (Figure 4.9) (p=0.058). Other regions 

that were significantly more accessible in the CRS in Ramos cells compared to Reh cells 

were CRS5 (p=0.049), CRS7 (p=0.007), CRS8 (p=0.044) and CRS9 (p=0.045) (Figure 

4.9). In general, both the 5’ and 3’ ends of the CRS were more accessible to DNase I 

digestion in Ramos compared to Reh cells. 

4.3.4 Chromatin accessibility across regulatory regions within the CR2 gene is 

altered following 24 h of Notch activation 

Variable induction of CR2 mRNA was observed in Reh cells following 24 h of Notch 

activation. As such, we hypothesise that the attenuation of CR2 silencing, following 

Notch activation may occur through the concomitant increase in chromatin accessibility. 

To this end, ChART-PCR assays were performed with Reh cells harvested 24 h after 

co-culture on stromal cells expressing the Notch ligand, DLL1. A comparison of 

chromatin accessibility was made between Notch activated and Notch inhib ited 

co-cultured Reh cells. 

In general, similar chromatin accessibility profiles were observed between Notch 

activated and inhibited Reh cells following 24 h of co-culture (Figure 4.10A). Indeed, no 

significant change in chromatin accessibility at the CR2 promoter between co-cultured 

Reh cells with Notch activation or inhibition was detected. Chromatin accessibility was 

represented as a heatmap, where the change in chromatin accessibility across the CR2 

promoter were compared with the chromatin accessibility of Notch inhibited Reh cells. 

The representative heatmap data demonstrates the relative chromatin accessibility 

changes of the Notch activated Reh cells. The data suggested that there was a lower 

chromatin accessibility across the CR2 promoter in Notch activated Reh cells than Notch-

inhibited Reh cells (Figure 4.10A, heatmap). 
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Figure 4.9: The CRS chromatin was more accessible in Ramos cells, compared to 

Reh cells. 

A) ChART-PCR was performed across the CRS in Reh and Ramos cells. Each point on 

the graph represents the mid-point of the amplicon examined. The chromatin accessibility 

at all regions examined across the CRS were normalised to the negative control, UMOD. 

The horizontal solid line (y=1) represents the baseline of inaccessibility with reference to 

the negative control. Values on the x-axis are the nucleotide position in relation to the 

TSS. Results were depicted as mean ± SEM of three biological replicates. * p≤0.05; 

** p≤0.01; # p=0.058 

B) A not-to-scale diagram represents the CRS, with the CBF1 binding site (orange circle).  
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Figure 4.10: The CR2 promoter and CRS remain inaccessible following 24 h of 

Notch activation. 

Following 24 h of co-culture on DLL1 expressing stromal cells, Reh cells were harvested 

for ChART-PCR. The difference between Notch activation (black lines) and inhibit ion 

(red lines) were determined and plotted as a heatmap below the graph of chromatin 

accessibility. As a reference, the basal chromatin accessibility of Reh cells across the 

regulatory regions were also depicted as heatmaps. Each letter or number represents the 

primer set used for ChART-PCR. The colour scale is a representation of difference in 

accessibility. The scale is represented as a colour gradient from green to white to red, 

where increasing darkness of green meant increased accessibility, white meant no change 

in chromatin accessibility and red meant decreased inaccessibility. Results were depicted 

as mean ± SEM of three biological replicates.  

A) Notch activated Reh cells (black line) have less accessible chromatin than Notch 

inhibited Reh cells (red line) across the CR2 promoter. This data is also represented as a 

heatmap below the graph. The vertical dotted line (x=0) represents the TSS of the CR2 

gene. The horizontal solid line (y=1) represents the baseline of inaccessibility in reference 

to the negative control, UMOD. The values on the x-axis represent the nucleotide 

positions in relation to the TSS. 

B) With the exception of the first point, Notch activated Reh cells (black line) have less 

accessible chromatin than Notch inhibited Reh cells (red line) across the CRS region. 

This data is also represented as a heatmap below the graph. The horizontal solid line 

represents the baseline of inaccessibility in reference to the negative control. The values 

on the x-axis represent the nucleotide positions in relation to the TSS. 
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Similarly, the CRS was interrogated for chromatin accessibility following 24 h of 

co-culture. Except for the CRS1 primer site, there was lower chromatin accessibility in 

Notch activated Reh cells compared to Notch inhibited Reh cells (Figure 4.10B). Indeed, 

the heatmap summary demonstrated that the CRS1 primer set showed the greatest 

increase in chromatin accessibility following Notch activation, whilst the other regions 

within the CRS had lower chromatin accessibility following Notch activation, compared 

to Notch inhibition (Figure 4.10B, heatmap).  

4.3.5 Dynamic chromatin accessibility changes across the CR2 promoter are 

observed following 5 to 7 days of continuous Notch activation 

Increased CR2 mRNA expression was observed following continued Notch activation, 

where CR2 expression in Notch activated Reh cells plateaued following seven days of 

co-culture. As the CR2 promoter remained inaccessible following 24 h of co-culture, we 

hypothesised that the observed increase of CR2 mRNA expression in co-cultured Reh 

cells was due to induction of sustained opening of chromatin surrounding the regulatory 

regions, which required a longer period of Notch activation. As such, the chromatin 

accessibility of the CR2 promoter was investigated for a period of nine days of co-culture 

(Figure 4.11).  

At day 3 of co-culture, there were mixed chromatin accessibility changes in the CR2 

promoter between Notch activated and Notch inhibited Reh cells (Figure 4.11A and 

4.11E, Day 3). Both the CR2pF and CR2D chromatin accessibility remained unchanged 

between Notch activated and inhibited Reh cells (Figure 4.11E, Day 3: CR2pF and 

CR2pD). Decreased chromatin accessibility was observed at CR2pE, CR2pA and CR2pZ 

regions in Notch activated Reh cells, compared to Notch inhibited Reh cells after three 

continuous days of co-culture (Figure 4.11E, Day 3: CR2pE, CR2pA and CR2pZ). 

Conversely, three days of co-culture resulted in increased chromatin accessibility 

observed at the CR2pC, CR2pB, and CR2pY regions in Notch activated Reh cells 

compared to Notch inhibited Reh cells (Figure 4.11E, Day 3: CR2pC, CR2pB and 

CR2pY). As a general trend across the CR2 promoter, variable chromatin accessibility 

was observed with three days of co-culture in Notch activated Reh cells, compared to 

Notch inhibited Reh cells. 

Following five days of co-culture, there was increased chromatin accessibility within the 

CR2 promoter in Notch activated Reh cells compared to Notch inhibited Reh cells (Figure 

4.11B and 4.11E, Day 5). Specifically, increased chromatin accessibility was observed at 
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Figure 4.11: CR2 promoter becomes more accessible between days 5 – 7 of 

co-culture. 

A – D) Reh cells were harvested at two-day intervals for a total of three to nine days of 

co-culture with either Notch activation (black lines) or Notch inhibition (red lines). The 

horizontal solid lines (y=1) represent the baseline of inaccessibility in reference to the 

negative control, UMOD, whilst the vertical dotted lines (x=0) represent the TSS. The 

values on the x-axis represent the nucleotide position in relation to the TSS. Results 

depicted as mean ± SEM of three biological replicates.  

E) The difference in chromatin accessibility of Reh cells with Notch activation (black 

lines), or Notch inhibition (red lines) were plotted as a heatmap. As a reference, the basal 

chromatin accessibility of Reh cells across the CR2 promoter was also depicted in a 

heatmap. In co-cultured Reh cells, the CR2 promoter has greater accessibility between 

5 – 7 days of Notch activation. The CR2 promoter is significantly less accessible at the 

CR2pF and CR2pE regions on day 9 of co-culture. ** p≤0.01 
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the CR2pE, CR2pC, CR2pZ and CR2pY regions of the CR2 promoter (Figure 4.11E, Day 

5: CR2pE, CR2pC, CR2pZ and CR2pY). Additionally, the largest change in chromatin 

accessibility was observed at the CR2pC region (Figure 4.11E, Day 5: CR2pC). Across 

the CR2 promoter, there was a general trend of increased chromatin accessibility with 

five continuous days of co-culture in Notch activated Reh cells, compared to Notch 

inhibited Reh cells. 

By day 7 of co-culture, most regions across the CR2 promoter showed increased 

chromatin accessibility in Reh cells following Notch activation, compared to Notch 

inhibited Reh cells (Figure 4.11C and 4.11E, Day 7). Specifically, except for the CR2pB 

region, all other regions showed increased chromatin accessibility in Notch activated Reh 

cells, compared to Notch inhibited Reh cells (Figure 4.11E, CR2pF to CR2pC, CR2pA, 

CR2pZ and CR2pY). The general trend across the CR2 promoter showed increased 

chromatin accessibility following seven continuous days of co-culture in Notch activated 

Reh cells, compared to Notch inhibited Reh cells.  

Lastly, following nine days of co-culture, chromatin across the CR2 promoter reverted to 

basal level of accessibility (Figure 4.11D and 4.11E). Indeed, all regions across the CR2 

promoter showed lower chromatin accessibility in Notch activated Reh cells than Notch 

inhibited Reh cells (Figure 4.11E, Day 9). Additionally, a significant decrease in 

chromatin accessibility was observed at the CR2pF and CR2pE regions of the CR2 

promoter (CR2pF: p=0.002; CR2pE: p=0.009) (Figure 4.11E, CR2pF and CR2pE). 

Overall, following nine continuous days of co-culture, the CR2 promoter showed a 

general trend of reversion to chromatin inaccessibility in Notch activated Reh cells, 

compared to Notch inhibited Reh cells.  

In summary, utilising the ChART-PCR method to assess across the CR2 promoter, there 

was an increase in chromatin accessibility from day 3 to day 7, in Reh cells co-cultured 

with Notch activation, compared to the Notch inhibited Reh cells (Figure 4.11E: Day 3 

to 7). However, at day 9 of co-culture, chromatin of the CR2 promoter returned to 

inaccessibility, similar to that seen in basal chromatin, in Notch activated Reh cells 

compare to Notch inhibited Reh cells (Figure 4.11E: Day 9). 
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4.3.6 Notch activation increases chromatin accessibility across the CRS following 

seven days of co-culture 

Makar and colleagues183 previously reported the presence of a CBF1 binding site within 

the CRS, which has been shown to regulate cell- and stage-specific expression of CR2. It 

is possible that CBF1 binding plays a functional role in regulating chromatin accessibility 

during Notch activation. To this end, Reh cells were co-cultured for a time period of three 

to nine days and harvested for ChART-PCR (Figure 4.12A).  

Following three days of co-culture, Notch activated Reh cells demonstrated variable 

levels of chromatin accessibility across the CRS. Specifically, increased chromatin 

accessibility was observed at CRS2, CRS4, CRS5, CRS6, CRS8 and CRS9 regions of the 

CRS, in Notch activated Reh cells compared to Notch inhibited Reh cells (Figure 4.12A 

and 4.12E, Day 3: CRS2, CRS4-6 and CRS8-9). In contrast, there was reduced chromatin 

accessibility at the CRS1, CRS3 and CRS7 regions of the CRS in Notch activated Reh 

cells, compared to Notch inhibited Reh cell after three continuous days of co-culturing 

(Figure 4.12A and 4.12E, Day 3: CRS1, CRS3 and CRS7).  

Following five days of co-culture, there was variable levels of chromatin accessibility 

observed across the CRS region (Figure 4.12B and 4.12E). Two sites remained 

unchanged in chromatin accessibility, namely the CRS3 and CRS5 regions (Figure 4.12E, 

Day 5: CRS3 and CRS5). Conversely, the CRS1, CRS4, CRS6 and CRS7 showed a 

decrease in chromatin accessibility in Notch activated cells, compared to Notch inhib ited 

cells (Figure 4.12E, Day 5: CRS1, CRS4, CRS6 and CRS7). Furthermore, three regions 

within the CRS demonstrated increased chromatin accessibility after five days of 

co-culture – CRS2, CRS8 and CRS9 (Figure 4.12E, Day 5: CRS2, CRS8 and CRS9). The 

CRS8 region showed significantly greater chromatin accessibility at day 5 in Notch 

activated Reh cells than Notch inhibited Reh cells (p=0.01) (Figure 4.12E, Day 5: CRS8).  

At day 7 of co-culture, there was generally higher chromatin accessibility across the CRS 

(Figure 4.12C and 4.12E). Except for CRS8, all other regions within the CRS showed 

increased chromatin accessibility in Notch activated Reh cells, compared to Notch 

inhibited Reh cells. Indeed, the CRS region demonstrated a general trend of increased 

chromatin accessibility with seven continuous days of co-culture in Notch activated Reh 

cells, compared to Notch inhibited Reh cells. 
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Figure 4.12: The CRS becomes more accessible in the first seven days of co-culture . 

A – D) Reh cells were harvested at two-day intervals for a total of three to nine days of 

co-culture with either Notch activation (black lines) or Notch inhibition (red lines). The 

horizontal solid lines (y=1) represent the baseline of inaccessibility in reference to the 

negative control, UMOD. The values on the x-axis represent the nucleotide positions in 

relation to the TSS. Results were depicted as mean ± SEM of three biological replicates. 

E) The difference in chromatin accessibility of Reh cells with Notch activation (black 

lines), or Notch inhibition (red lines) were plotted as a heatmap. As a reference, the basal 

chromatin accessibility of Reh cells across the CRS was also depicted as a heatmap. In 

co-cultured Reh cells, the CRS has greater accessible between 3 – 7 days of Notch 

activation. The CRS8 region on day 5 of co-culture was significantly more accessibility 

in Notch activated Reh cells than Notch inhibited Reh cells. In contrast, the CRS7 region 

on day 9 was significantly more inaccessible in Notch activated Reh cells than Notch 

inhibited Reh cells. * p≤0.05; ** p≤0.01 
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Finally, on day 9 of co-culture, chromatin accessibility across the CRS were lower in 

Notch activated Reh cells than Notch inhibited Reh cells (Figure 4.12D and 4.12E). 

Specifically, whilst the CRS4 showed a slightly increased chromatin accessibility, all 

other regions (CRS1 – 3 and CRS5 – 9) showed decreased chromatin accessibility in 

Notch activated Reh cells than Notch inhibited Reh cells (Figure 4.12E, Day 9: CRS1 – 

3 and CRS5 – 9). Only the CRS7 region showed a significant decrease in chromatin 

accessibility (p=0.023). 

To summarise, there was a general increase in chromatin accessibility across the CRS 

between days 3 to 7 in Notch activated Reh cells compared to Notch inhibited Reh cells 

(Figure 4.12E, Days 3 to 7). In contrast, chromatin accessibility decreased on day 9 of 

co-culture in Notch activated Reh cells compared to Notch inhibited Reh cells (Figure 

4.12E, Day 9).  
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4.4 Discussion 

4.4.1 Validation of β2m and UMOD genes as positive and negative controls , 

respectively, for ChART-PCR 

To facilitate the analysis of chromatin accessibility across different genomic regions and 

cell types, appropriate controls were required for the ChART-PCR assays. Initia l 

optimisation using gel electrophoresis ensured digestion of intact nuclei on the purified 

digested samples. However, this method was unable to adequately quantify chromatin 

digestion or to determine digestion efficiency. As such, it was determined that a positive 

control was required that targeted a DNase I hypersensitivity region within the promoter 

of a ubiquitously expressed gene. Utilising the ENCODE database, the human genome 

was surveyed and the β2m gene was selected, as this gene was ubiquitously expressed in 

the haematopoietic lineage277. A PCR amplicon was designed that lies within a region of 

the β2m promoter that has hallmarks of accessible chromatin; binding of mult ip le 

transcription factors (including RNA polymerase) across the amplicon, DNase I 

hypersensitivity and enrichment of histone modifications associated with euchromatin 

(i.e. H3K27Ac and H3K4me3). ChART-PCR analysis demonstrated a consistent Cq 

difference between “uncut” and “cut” samples. Furthermore, there was a significantly 

higher Cq difference at the β2m promoter than the UMOD promoter, signifying that this 

represented a high level of accessibility across a region of euchromatin in both pre-B and 

mature B cells.  

In contrast, the UMOD gene was previously shown to be accessible only in murine kidney 

utilising the chromatin accessibility assay, FAIRE278. This evidence was expected for a 

protein that is uniquely expressed in the kidney in both mouse and human. As such, this 

gene was selected as a negative control. An amplicon was designed to span across the 

promoter of the UMOD gene. Furthermore, the amplicon lies within a region that is void 

of DNase I hypersensitivity sites and histone marks associated with open chromatin (i.e. 

H3K27Ac and H3K4me3). As expected, Cq difference at the UMOD promoter was 

significantly lower than the Cq difference at the β2m promoter. This indicated that the 

UMOD promoter represented a region of heterochromatin in both pre-B and mature B 

cells.  

Transcript abundance of both β2m and UMOD were also quantified. As expected, both 

Reh and Ramos cells expressed β2m mRNA, although a significantly higher expression 
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was detected in Ramos cells compared to Reh cells. In contrast, UMOD mRNA 

expression was not detected in Reh or Ramos by qPCR or gel electrophoresis. 

Combined, the difference in Cq between both β2m and UMOD gene promoters indicated 

that the amplicon regions could be used as positive and negative controls, respectively. 

As such, the β2m gene promoter was used as a positive control to ensure effic ient 

digestion, whilst the UMOD gene promoter was used to normalise across the CR2 

regulatory regions in the different cell types tested.  

Both gene promoters were analysed for chromatin accessibility in co-cultured Reh cells. 

No change in β2m gene promoter’s chromatin accessibility was detected in Reh cells with 

Notch activation or inhibition. Similarly, no change in chromatin accessibility was 

observed with the UMOD gene promoter’s chromatin accessibility. This indicated that 

both the β2m and UMOD gene promoters’ chromatin accessibility was not affected by 

Notch activation or inhibition, and confirmed their utility as positive and negative 

controls in our ChART-PCR assays.  

4.4.2 CR2 promoter is more accessible at the mature stage of B cell development 

Having established positive and negative controls for ChART-PCR, chromatin 

accessibility across CR2 regulatory regions was analysed. ChART-PCR was performed 

on Reh and Ramos cells, representing the pre-B and mature B cell stages of development, 

respectively. 

Across the CR2 promoter, greater chromatin accessibility was observed in 

CR2-expressing mature B cells than non-CR2 expressing pre-B cells. Furthermore, 

regions overlapping both CBF1 binding sites showed higher chromatin accessibility in 

mature B cells, compared to pre-B cells. These results are supported by previous MNase 

ChART-PCR assays of the -409/-262 and -289/-12 regions of the CR2 promoter that 

showed less nucleosome occupancy in mature B cells than pre-B cells180,181. Furthermore, 

the present data demonstrated that CR2 exon 1 showed a higher chromatin accessibility 

in CR2-expressing mature B cells than the non-CR2 expressing pre-B cells. This data 

supports the hypothesis that actively transcribing genes show higher chromatin 

accessibility241. Combined, these data demonstrated that the CR2 promoter transitions 

from a silenced heterochromatin state in pre-B cells, to a permissive euchromatin state in 

mature B cells, therefore allowing the transcription of CR2 mRNA.  
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A previous study by Szutorisz and co-workers280 demonstrated that the murine λ5-VpreB1 

gene locus showed dynamic histone modification during B lymphopoiesis; the λ5-VpreB1 

gene locus is only actively transcribed in the pre-B cell stage of development to allow 

assembly of the BCR light chain. Specifically, this study demonstrated increased histone 

modification associated with an actively transcribed gene, observed only in pre-B cells, 

but not in precursor stem cells or mature B cells. Furthermore, the enrichment of these 

histone modifications was accompanied by an increase in DNase hypersensitivity in the 

regulatory regions within the locus280. Taken together, these studies demonstrate the 

correlation between histone modification and chromatin accessibility in regulating stage-

specific gene expression.  

4.4.3 The CRS is more accessible in mature B cells compared to pre-B cells 

Most regions across the CRS showed higher chromatin accessibility in mature B cells 

compared to pre-B cells. Across the CBF1 binding site within the CRS, there was a trend 

towards increased chromatin accessibility observed in mature B cells compared to pre-B 

cells. Interestingly, not all regions within the CRS were significantly more accessible in 

mature B cells than pre-B cells, suggesting that additional regions outside the CBF1 

binding site might function to regulate stage-specific expression of CR2. 

Interestingly, the CRS showed a bimodal pattern of increased chromatin accessibility. 

Two regions of the CRS demonstrating greater chromatin accessibility were the 

+3935/+4676 (encompassed by CRS1 – 3), and the +5487/+6077 (encompassed by CRS7 

and CRS8) regions in relation to the CR2 TSS. Whilst it is known that there is a putative 

CBF1 binding site in the 5’ end of the CRS situated within the CRS3 region, there are no 

transcription factor binding sites identified within the +5486/+6077 region with the 

ENCODE database. This region will be of great interest to explore further, due to the 

increased chromatin accessibility, despite the absence of putative transcription factor 

binding. 

Previous work (using ChIP-seq) by Wang and co-workers281 identified the CR2 gene as 

a NOTCH1 target gene in human T lymphoblastic leukaemia cells. The NOTCH1 binding 

site was identified to be located within the CRS and coincided with the CRS4 primer 

region (+4850/+4951) designed for our ChART-PCR assay. This site was also enriched 

for binding to CBF1281. A separate study by Yatim and colleagues258 verified binding of 

CBF1 to the CRS using ChIP. Additionally, they also identified in vivo binding of LSD1 

to the same region258. In the present study, the +4850/+4951 region was observed to have 
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lower chromatin accessibility in pre-B cells compared to mature B cells. As previously 

mentioned, LSD1 has been identified as a histone demethylase that is able to function as 

both an activator and a repressor. In the context of the CRS, it could be possible that 

LSD1 might be demethylating the histone residues and as a result, decreasing the 

chromatin accessibility at the +4850/+4951 region. It will be of interest to validate LSD1 

binding to the region surrounding the CRS during different stages of B cell development. 

Additional studies determining the extent of histone modification in the bimodal regions 

surrounding the CRS will identify a potential stage-specific “histone code”. 

Lu and co-workers282 previously identified the binding of CBF1 in an immortalised 

lymphoblastoid cell line, which corresponded with the CRS4 primer set used in the 

current ChART-PCR assays282. Such binding was not observed in a different Burkitt 

lymphoma cell line (Mutu) (Figure 4.13). However, it was suggested that ChIP-seq 

analysis might have filtered out low levels of CBF1 binding that is usually observed in 

B cells282. This might indicate potential binding of CBF1 to the surrounding region of the 

CRS. It will be of interest to validate the functionality of the CBF1 binding site within 

the CRS in both pre-B and mature B cells, through ChIP analysis.  

Taken together, the current ChART-PCR data indicates that chromatin architecture of the 

CRS is important for stage-specific regulation of CR2 expression during pre-B cell 

maturation. 

4.4.4 CR2 regulatory regions demonstrate dynamic change in chromatin 

accessibility during continuous Notch activation 

ChART-PCR was performed on co-cultured pre-B cells to examine chromatin 

accessibility changes across the CR2 regulatory regions, during continuous Notch 

activation or inhibition.  

Pre-B cells demonstrated dynamic changes in chromatin accessibility during Notch 

signalling across both the CR2 promoter and CRS. Specifically, following 24 h of 

co-culture, the CR2 regulatory regions remained inaccessible in Notch activated pre-B 

cells, compared to Notch inhibited pre-B cells. Both regulatory regions showed increased 

chromatin accessibility in Notch activated pre-B cells following three to seven days of 

continuous co-culturing, compared to Notch inhibited pre-B cells. However, the CR2 

regulatory regions returned to a state of inaccessibility after nine continuous days of co-

culturing. These data were consistent with those observed using qPCR, where increasing 

CR2 mRNA was detected from day 3 to day 7 with expression plateauing beyond day 9. 
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Figure 4.13: Few open chromatin-associated regulatory elements lie within the CRS. 

The ENCODE database was used to identify regions of CpG islands, histone modifications (H3K4me3, H3K4me1, H3K27Ac), transcription factors(s) 

binding (through ChIP-seq), DNase I hypersensitivity clusters, as well as CBF1/RBPjκ ChIP-seq data from Lu et al. (2016)282. Lu and co-workers282 

identified binding of CBF1/RBPjκ to a lymphoblastoid cell line (LCL), but not in the Burkitt lymphoma cell line (Mutu), shown as the red bar. The 

region amplified across the CRS4, which also coincided with transcription factor binding to RUNX3 and SRF in the GM12878 cell line. No other binding 

sites were identified in any other regions within the CRS. CRS ChART-PCR primers are highlighted in blue, with their corresponding primer names 

listed above their respective amplicons.
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Combined, these data indicate that there is a correlation between chromatin accessibility 

and gene expression in the first seven days of Notch activation, with an inverse correlation 

between chromatin accessibility and gene expression following nine days of Notch 

activation. These dynamic changes in chromatin accessibility within the CRS mirrored 

the observation of the CR2 promoter, suggesting that both regulatory regions of the CR2 

gene were regulated in a similar fashion. A time course study of adult intestinal stem cells 

differentiating into adult gut epithelium demonstrated dynamic chromatin remodelling, 

during intestinal development. Furthermore, during intestinal stem cell differentiat ion, 

chromatin remodelling or histone modifications across the promoter and distal regulatory 

elements of cell-specific genes correlated with either upregulation or downregulation of 

gene expression283. Together, these data indicate cooperative organisation of chromatin 

architecture of genetic elements (i.e. enhancers or silencers) regulates appropriate gene 

expression during development.  

4.5 Concluding remarks 

Using ChART-PCR, we verified β2m and UMOD genes as suitable positive and negative 

controls, respectively, to allow for comparison of chromatin accessibility across mult ip le 

cell types. Utilising the optimised ChART-PCR assay, CR2 regulatory regions were 

analysed in pre-B and mature B cells. The data generated from the assay demonstrated 

increased chromatin accessibility in mature B cells, concomitant with the expected 

induction of CR2 mRNA expression.  

To extend our investigation, ChART-PCR analysis showed dynamic chromatin 

accessibility changes in Notch activated pre-B cells following continuous co-culture. The 

data suggested that there is a correlation between chromatin accessibility changes in 

Notch activated pre-B cells with the expression of CR2 mRNA in the first seven days of 

co-culture, with an inverse correlation between chromatin accessibility and CR2 gene 

expression after nine days of continuous Notch activation. 
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Chapter 5 

Functional Analysis of Putative CBF1 

Binding Sites Within the CR2 Promoter 
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5.1 Introduction 

5.1.1 Not all CBF1 sites recruit ICN during Notch activation 

CBF1 functions as a tethering point for recruitment of ICN during Notch activation36,72 . 

Interestingly, an early study demonstrated that affinity of ICN interaction with CBF1 

differs between B and T cells. Specifically, ICN1 bound with higher affinity to CBF1 in 

T cells compared to B cells and therefore indicated that CBF1 function is cell context 

dependent284.  

Zhao and collaborators285 identified more than 10,000 CBF1-enriched binding sites 

within lymphoblastoid cells285. Despite the abundance of CBF1 binding sites across the 

genome, only approximately 13% of these sites were situated within promoters of genes, 

with almost half of the remaining CBF1 sites found in intergenic regions285. These data 

suggest that CBF1 may mediate long range chromatin interactions in order to regulate 

Notch target genes. In contrast, Wang and co-workers281 identified fewer (approximate ly 

2,000) CBF1 binding sites in T-lymphoblastic leukaemic (TLL) cells, compared to 

lymphoblastoid cells. Furthermore, it was reported that more than half of these CBF1 

binding sites were situated within gene promoters. Interestingly, binding of almost double 

(~3,900) the number of NOTCH1 binding sites compared to CBF1 binding sites were 

detected in these TLL cells. Moreover, overlap of only two-thirds of CBF1 binding sites 

with NOTCH1 binding sites was seen. Additionally, there was a high association of the 

transcription factor, ZNF143, in close proximity to NOTCH1 binding sites281.  

Taken together, these data highlighted that CBF1 functions cooperatively with 

surrounding transcription factors during Notch activation. The disparity between 

NOTCH1 and CBF1 binding sites further indicates that CBF1 binding is dynamic and 

may not be constitutively bound to its cognate genomic sequences. Indeed, there is 

evidence suggesting that CBF1 may only bind cognate sites upon Notch activation, thus 

suggesting an alternate model of Notch signalling286,287. Interestingly, chromatin regions 

surrounding induced binding of CBF1 showed altered histone modification compared to 

genomic sites comprising constitutively bound CBF1286. Together, these data indicate a 

highly complex role of CBF1 binding and interaction with binding partners during Notch 

activation that may be cell context dependent.  

 

 



 

114 
 

5.1.2 Aims 

Activation of the Notch signalling pathway in non-CR2 expressing pre-B cells induced 

expression of CR2 mRNA. In addition, activation of Notch signalling in mature B cells 

resulted in increased expression of CR2 mRNA. Furthermore, following Notch activation, 

the CR2 regulatory regions became more accessible in pre-B cells, suggesting a 

mechanism of Notch activation whereby CR2 regulatory regions become poised for 

transcription. Bioinformatic analysis identified two putative CBF1 binding sites within 

the CR2 promoter. This prompted the following investigation to: 

1. Determine the functionality of two CBF1 binding sites within the promoter of the 

CR2 gene. 

2. Identify the minimal promoter region required for efficient transcriptiona l 

activation of CR2 following Notch activation. 

3. Identify binding of CBF1 to regions within the CR2 promoter. 

 

5.2 Materials and Methods 

5.2.1 CR2 promoter plasmid constructs 

A NheI/XhoI fragment containing -1210/+75 of the CR2 promoter was cloned into a 

pGL3-basic luciferase reporter vector, as previously described177. Successive 5’ deletion 

of the CR2 promoter were also cloned into a pGL3-basic luciferase reporter vector, as 

previously described177. Notch signalling constructs, MigR1-ICN, MigR1-DNMAML 

and the empty vector MigR1 were kindly provided by Warren Pear as previously 

described190,288. 

5.2.2 Mammalian cell lines 

Reh and Ramos cell lines were used for transfection of CR2 promoter plasmids. Both the 

Reh and K562 cell lines were used for the co-transfection experiments utilising the CR2 

promoter deletion constructs. Prior to transfection, cells were counted using a 

haemocytometer to ensure that cell suspension density was between 5 × 105 cells/mL to 

6 × 105 cells/mL (Section 2.2.2.1).  
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5.2.3 Transfection of mammalian cell lines with CR2 promoter plasmids 

Prior to transfection or co-transfection, Reh, Ramos and K562 cells were centrifuged and 

resuspended in RPMI-1640 media, in the absence of penicillin and streptomycin, and left 

to incubate for 1 h, at 37°C.  

For the transient transfection of Reh and Ramos, 5 × 105 cells were resuspended in 900 µL 

of media. Transfections were performed with 1 µg of CR2 promoter constructs and 50 ng 

of pRL-TK (Renilla), using 4 µL of Viafect™ transfection reagent (Promega, Wisconsin, 

USA). Plasmids and Viafect reagent were resuspended in a total volume of 100 µL of 

Opti-MEM™ I reduced medium (Thermo Fisher Scientific, Massachusetts, USA) and  

incubated at RT for 20 min. 

Co-transfection of CBF1 mutant plasmids was performed with 2 × 106 Reh or Ramos 

cells resuspended in 3.6 mL of media. A total of 2 µg of CR2 promoter constructs, 2 µg 

of the three alternate Notch signalling constructs (MigR1-ICN or MigR1-DNMAML or 

MigR1), and 200 ng of pRL-TK, with 16 µL of Viafect transfection reagent was used. All 

plasmids and transfection reagents were resuspended in a total volume of 400 µL of 

OptiMEM I reduced medium and incubated at RT for 20 min.  

For co-transfection of CR2 deletion plasmids with Reh or K562 cells, a total of 

5 × 105 cells was resuspended in 900 µL of media. A total of 0.5 µg of CR2 promoter 

deletion plasmid construct, 0.5 µg of the three alternate Notch signalling constructs 

(MigR1-ICN or MigR1-DNMAML or MigR1), and 50 ng of pRL-TK, with 4 µL of 

Viafect transfection reagent was used. All plasmids and transfection reagents were 

resuspended in a total volume of 100 µL of OptiMEM I reduced medium and incubated 

at RT for 20 min.  

Transfection reactions were added to the appropriate number of cells and left to incubate 

at 37°C, with 5% CO2 for 24 h, before harvesting cell lysate to measure firefly and Renilla 

luciferase using the Dual-Luciferase® Reporter Assay system (Promega, Wisconsin, 

USA), according to the manufacturer’s protocol. The Tropix Winglow system (PE 

Applied Biosystems, California, USA), Victor Light system (Perkin Elmer, 

Massachusetts, USA), or GloMax® Explorer System (Promega, Wisconsin, USA) were 

used for the analysis of the luciferase activity. Firefly luciferase activity was normalised 

to Renilla luciferase activity, in order to control for differences in transfection efficiency 

across multiple biological replicates.  
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5.2.4 Nuclear protein extraction from mammalian cell lines Reh and Ramos 

Nuclear proteins from Reh and Ramos cells were extracted using the NE-PER™ Nuclear 

and Cytoplasmic Extraction Reagent kit (Thermo Fisher Scientific, Massachusetts, USA), 

as recommended by the manufacturer. Briefly, a total of 1 × 107 cells was pelleted by 

centrifugation at 200 × g for 5 min at RT, followed by a wash with 1x PBS at 300 × g for 

5 min at RT. The nuclear and cytoplasmic extraction kit was then used in conjunction 

with the Halt™ Protease Inhibitor Cocktail (Thermo Fisher Scientific, Massachusetts, 

USA) to harvest nuclear proteins. All centrifugation steps for the extraction protocol were 

performed at 4°C.  

Nuclear extracts were subsequently quantified using the Bradford protein assay reagent 

dye (Bio-Rad, California, USA) and measured using the GloMax® Explorer System.  

5.2.5 Electrophoretic Mobility Shift Assay 

To set up protein-DNA binding reactions, nuclear extract was added to binding buffer 

(4% (v/v) ficoll (GE Healthcare, Illinois, USA), 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) (Sigma-Aldrich, Missouri, USA), 1 mM EDTA, 

1 mM dithiothreitol (DTT) (Promega, Wisconsin, USA), 1 - 2 µg poly dI:dC (Sigma-

Aldrich, Missouri, USA)) and left to incubate on ice for 10 min, followed by addition of 

50 fmol of biotin-labelled oligonucleotides and further incubation on ice for 30 min. 

Oligonucleotide sequences were designed to span across either of the two putative CBF1 

binding sites that lie upstream of the TSS of the CR2 promoter (Table 5.1). For 

competition reactions, 750 fmol (15x), 1.5 pmol (30x), or 3 pmol (60x) of cold unlabelled 

competitor oligonucleotides was added and left to incubate on ice for 10 min, prior to the 

addition of the labelled oligonucleotide. For supershift assays, 2 µg and 4 µg of antibody 

(Table 2.1) was added to the reaction containing the nuclear extract, before addition of 

the labelled oligonucleotide. Protein-DNA reactions were then loaded onto pre-cast 6% 

DNA retardation gel (Thermo Fisher Scientific, Massachusetts, USA) and 

electrophoresed at 100 V for 60 min, using the XCell SureLock™ Mini-Cell 

electrophoresis system, with 0.5x TBE running buffer (Thermo Fisher Scientific, 

Massachusetts, USA). The binding complexes and free oligonucleotides were then 

transferred from the gel to a nylon membrane (Thermo Fisher Scientific, Massachusetts, 

USA), at 30 V for 60 min. DNA was fixed to the membrane by exposure to UV light for 

10 min in the ImageQuant LAS4000 biomolecular imager (GE Healthcare, Illinois, USA). 

Visualisation of the protein-DNA complexes was achieved using the Chemiluminescent 
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Nucleic Acid Detection Module Kit (Thermo Fisher Scientific, Massachusetts, USA), 

with the manufacturer’s recommended protocol. The Amersham ECL Hyperfilm (GE 

Healthcare, Illinois, USA) was then exposed for up to 1 min, before using the AGFA 

CP1000 Automatic Film Processor (Agfa-Gevaert N.V., Mortsel, Belgium) to develop 

and fix the film for visualisation.  

5.2.6 Statistical analysis 

Statistical analyses were generated using GraphPad Prism (version 6.0) (GraphPad, 

California, USA). All graphed values represent the mean ± SEM.  

 

5.3 Results 

5.3.1 The proximal CBF1 site is required for basal transcriptional activity of the 

CR2 promoter in both Reh and Ramos cells 

Previous bioinformatic analysis identified two putative CBF1 binding sites within the 

1.2 kb promoter region of the CR2 gene (herein termed WT 1.2)171,181. To identify the 

functionality of both putative CBF1 binding sites, in vitro transient transfections were 

performed on Reh and Ramos cells, representing the non-CR2 expressing pre-B (Reh) 

and CR2-expressing mature B cell (Ramos) stages of development. The WT 1.2 

sequence, as well as constructs containing either one or both of the CBF1 binding sites 

mutated, were used to determine the functionality of both CBF1 sites in regulating basal 

transcriptional activity of the CR2 promoter. Depending on the mutation of the CBF1 

binding sites, the plasmids are herein termed: CBF1 (1) – mutation within the proximal 

CBF1 binding site (-113/-98 relative to the CR2 TSS); CBF1 (2) – mutation within the 

distal CBF1 binding site (-529/-514 relative to the CR2 TSS); CBF1 (1)+(2) – mutations 

within both CBF1 binding sites.  

Minimal luciferase activity was measured in Reh cells transfected with the empty vector, 

pGL3, demonstrating that the pGL3 vector did not show significant transcriptiona l 

activity in these cells (Figure 5.1) (p=0.005). Transcriptional activity of the CR2 promoter 

was assessed by measuring luciferase activity of Reh cells transfected with the 

aforementioned CR2 promoter constructs (Figure 5.1). Luciferase activity of all 

constructs were normalised to the WT 1.2 construct’s activity. Compared to the WT 1.2 

construct, the CBF1 (1) construct showed 58.5% decrease in transcriptional activity 

(Figure 5.1) (p=0.026). The CBF1 (2) construct showed a small, but non-significant 
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Figure 5.1: Mutation(s) to either or both CBF1 binding sites resulted in decreased 

transcriptional activity of the CR2 promoter in Reh cells. 

Reh cells were transiently transfected with the empty vector (pGL3), or constructs 

containing the WT CR2 promoter (WT 1.2), mutation to the proximal CBF1 site (CBF1 

(1)), mutation to the distal CBF1 site (CBF1 (2)), or mutations to both CBF1 sites (CBF1 

(1)+(2)). Triangles represent WT CBF1 binding sites, crosses (X) represent mutations 

within CBF1 sites and bent arrow represent TSS of the luciferase reporter gene. 

Luciferase activity of all constructs were normalised to the WT 1.2 construct’s activity. 

Asterisks represent statistically significant difference compared to WT 1.2. Results 

depicted as mean ± SEM of four biological replicates. * p≤0.05; ** p≤0.01 
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decrease in transcriptional activity compared to the WT 1.2 construct (Figure 5.1) 

(p=0.458). Lastly, the CBF1 (1)+(2) double mutant construct showed a 56% decrease in 

transcriptional activity, when compared to the WT 1.2 construct (Figure 5.1) (p=0.0299).  

Similarly, Ramos cells transfected with the empty pGL3 vector showed minimal 

luciferase activity, demonstrating that the vector did not show significant transcriptiona l 

activity in this cell line (Figure 5.2) (p=0.0004). Ramos cells were also transfected with 

the WT 1.2 or CBF1 mutant plasmids (Figure 5.2). Likewise, luciferase activity of all 

constructs was normalised to the WT 1.2 construct’s activity. Compared to the WT 1.2 

construct, the CBF1 (1) construct showed a non-significant 26.7% decrease in 

transcriptional activity (Figure 5.2) (p=0.238). In contrast, the CBF1 (2) construct showed 

a non-significant 1.2-fold increase in transcriptional activity in comparison to the WT 1.2 

construct (Figure 5.2) (p=0.668). The CBF1 (1)+(2) construct showed a significant 56.2% 

decrease in transcriptional activity compared to the WT 1.2 construct (Figure 5.2) 

(p=0.023).  

5.3.2 Notch activation increases transcriptional activity of the CR2 promoter in pre-

B (Reh) cells in vitro 

Prior co-culture data showed that Notch activation induced transcriptional activation of 

CR2 mRNA in both Reh and Ramos cells. To mimic the co-cultures previously described, 

the WT 1.2 or CBF1 mutant plasmids were co-transfected with an empty vector (MigR1), 

a Notch activating plasmid (MigR1-ICN henceforth termed ICN), or a Notch inhibit ion 

plasmid (MigR1-DNMAML henceforth termed DN-MAML), to mimic the co-cultures 

previously described (Figure 5.3).   

Reh cells were initially co-transfected with the empty MigR1 control vector to ensure that 

MigR1 had no influence on basal CR2 transcriptional activity. In Reh cells, transcriptiona l 

activity of the WT 1.2 construct plus MigR1 co-transfection was similar to that observed 

with the WT 1.2 construct alone (Compare Figure 5.4A with Figure 5.1, WT 1.2). 

Furthermore, the same pattern of transcriptional activity was observed with CBF1 mutant 

constructs plus MigR1 co-transfection compared to those without MigR1 (Figure 5.4A 

compared with Figure 5.1, CBF1 (1), CBF1 (2), CBF1 (1)+(2)). This indicated that 

co-transfection with MigR1 did not significantly influence basal transcriptional activity 

of the CR2 promoter in Reh cells.  
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Figure 5.2: Mutation(s) to the proximal or both CBF1 binding sites resulted in 

decreased transcriptional activity of the CR2 promoter in Ramos cells. 

Ramos cells were transiently transfected with the empty vector (pGL3), or plasmids 

containing the WT CR2 promoter (WT 1.2), mutation to the proximal CBF1 site (CBF1 

(1)), mutation to the distal CBF1 site (CBF1 (2)), mutations to both CBF1 sites (CBF1 

(1)+(2)). Triangles represent WT CBF1 binding sites, crosses (X) represent mutations 

within CBF1 sites and bent arrow represent the TSS of the luciferase reporter gene. All 

luciferase activity were normalised to the WT 1.2 construct’s activity. Asterisks represent 

statistically significant difference compared to WT 1.2. Results were depicted as 

mean ± SEM of four biological replicates. * p≤0.05; ** p≤0.01 
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Figure 5.3: Reh or Ramos cells were co-transfected with the WT 1.2 or CBF1 mutant constructs and MigR1, or ICN, or DN-MAML to determine  

basal, Notch activated, and Notch inhibited CR2 transcriptional activity in vitro. 

Co-transfection with MigR1 mimicked uninduced Reh or Ramos cell culture, whilst ICN and DN-MAML co-transfections mimicked Notch activated, 

or Notch inhibited Reh or Ramos co-cultures, respectively. As a control to measure background luciferase activity, Reh and Ramos cells were 

co-transfected with pGL3 plus MigR1, ICN or DN-MAML constructs. 
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Figure 5.4: Notch activation increased transcriptional activity of the CR2 promoter 

in Reh cells. 

Reh cells were co-transfected with the CR2 promoter plasmids and either the empty 

vector (MigR1, white bars) (A), Notch activation plasmid (ICN, black bars) (B), or Notch 

inhibition plasmid (DN-MAML, grey bars) (C). Triangles represent WT CBF1 binding 

sites, crosses (X) represent mutations within CBF1 sites and bent arrow represent the TSS 

of the luciferase reporter gene. Luciferase activity of constructs that were co-transfected 

with ICN or DN-MAML were normalised to the result of WT 1.2 construct co-transfected 

with MigR1. This ensured the specific effect of ICN or DN-MAML was accurately 

determined to reflect fold-change from the basal WT 1.2 promoter activity (vertical red 

lines). Results were depicted as mean ± SEM of four biological replicates. Asterisks 

represent statistically significant difference compared to WT 1.2 of the respective 

co-transfections. * p≤0.05; ** p≤0.01; *** p≤0.001; **** p<0.0001 
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Next, Reh cells were co-transfected with ICN to examine the effects of Notch activation 

on the transcriptional activity of the CR2 promoter. The WT 1.2 co-transfected with ICN 

demonstrated a nine-fold increase in transcriptional activity compared to the WT 1.2 

co-transfection with MigR1 (basal WT level) (Figure 5.4B). The CBF1 (1) construct plus 

ICN co-transfection showed a 7.8-fold increase in transcriptional activity compared to the 

basal WT level (Figure 5.4B). The CBF1 (2) construct co-transfected with ICN showed 

an increase in transcriptional activity which was 10.4-fold greater than the basal WT level 

(Figure 5.4B). Lastly, the CBF1 (1)+(2) construct with ICN co-transfection showed 

transcriptional activity of 7.4-fold greater than the basal WT level (Figure 5.4B). There 

were no significant differences in transcriptional activity between the CBF1 mutant 

constructs compared to the WT 1.2 constructs co-transfected with ICN (Figure 5.4B, 

compare WT 1.2 with CBF1 (1), or CBF1 (2) or CBF1 (1)+(2)). In sum, the ICN 

co-transfection resulted in a significant increase in transcriptional activity irrespective of 

CBF binding site status. 

Lastly, Reh cells were co-transfected with the Notch inhibition construct, DN-MAML. 

Overall, Reh cells co-transfected with the WT 1.2 construct plus DN-MAML showed 

similar transcriptional activity to the WT 1.2 construct plus MigR1 co-transfection (basal 

level) (Figure 5.4C compared to Figure 5.4A, WT 1.2). Similar patterns of transcriptiona l 

activity were also observed with the CBF1 mutant constructs plus DN-MAML 

co-transfection, as detected in the CBF1 mutant constructs co-transfected with MigR1 

(Figure 5.4A compared with Figure 5.4C).  

Taken together, the MigR1 data demonstrated that the vector MigR1 did not influence 

CR2 transcriptional activity in Reh cells. ICN significantly induced transcriptiona l 

activity of the CR2 promoter, compared to the WT basal level. Co-transfection with 

DN-MAML had no effect on transcriptional activity of the CR2 promoter.  

5.3.3 Notch activation increased transcriptional activity in mature B cells (Ramos) 

To investigate the molecular mechanism of Notch activation that resulted in increased 

CR2 mRNA in mature B cells, Ramos co-transfections were performed with the CR2 

promoter constructs with MigR1 or ICN or DN-MAML, as previously performed in Reh 

cells (Figure 5.3). 
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Ramos cells were first co-transfected with the MigR1 control vector to ensure that the 

empty vector did not influence CR2 transcriptional activity. In Ramos cells, 

transcriptional activity of CR2 promoter constructs co-transfected with MigR1 were 

similar with Ramos transfections with the CR2 promoter construct alone (Figure 5.5A 

compared with Figure 5.2). A similar pattern of decreased transcriptional activity in the 

mutant CBF1 constructs was observed between Ramos co-transfections with MigR1 to 

that observed with constructs without MigR1 transfection (Figure 5.5A compared with 

Figure 5.2, CBF1 (1), CBF1 (2), CBF1 (1)+(2)). Overall, these results indicated that the 

MigR1 construct did not influence CR2 transcriptional activity in Ramos cells.  

Next, Ramos cells were co-transfected with ICN to determine the effects of Notch 

activation on CR2 transcriptional activity (Figure 5.5B). The WT 1.2 construct 

co-transfected with ICN showed a 1.4-fold increase in transcriptional activity compared 

to the basal WT level (Figure 5.5B). Similarly, the CBF1 (1) construct plus ICN 

co-transfection demonstrated increase in transcriptional activity of 1.3-fold greater than 

the basal WT level (Figure 5.5B). The CBF1 (2) construct co-transfected with ICN 

showed a 2.5-fold increase in transcriptional activity compared to the basal WT level 

(Figure 5.5B). Lastly, the CBF1 (1)+(2) construct with ICN co-transfection showed 

similar transcriptional activity as the basal WT level (Figure 5.5B). Within the ICN 

co-transfection, no significant differences were observed between the mutant constructs 

plus ICN co-transfection, compared to the WT 1.2 construct co-transfected with ICN 

(Figure 5.5B, compare WT 1.2 with CBF1 (1), CBF1 (2) or CBF1 (1)+(2)). Overall, CR2 

transcriptional activity were increased in Ramos cells with ICN co-transfection 

irrespective of the CBF1 binding site status, albeit to a lesser extent than the ICN 

co-transfection with the pre-B Reh cells.  

Lastly, Ramos cells were co-transfected with the Notch inhibition construct, DN-MAML. 

Overall, the CR2 promoter constructs showed similar transcriptional activity compared to 

the basal WT level in Ramos cells (Figure 5.5C, WT 1.2, CBF1 (1), CBF1 (2), CBF1 

(1)+(2) compared to the red line). Additionally, within the DN-MAML co-transfection, 

CBF1 mutant constructs plus DN-MAML did not demonstrate significant changes in 

transcriptional activity, compared to the WT 1.2 plus DN-MAML co-transfection (Figure 

5.5C, compare WT 1.2 with CBF1 (1), CBF1 (2) or CBF1 (1)+(2)). 
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Figure 5.5: Notch activation partially increased CR2 transcriptional activity. 

Ramos cells were co-transfected with the CR2 promoter plasmids and either the empty 

vector (MigR1, white bars) (A), Notch activation plasmid (ICN, black bars) (B), or Notch 

inhibition plasmid (DN-MAML, grey bars) (C). Triangles represent WT CBF1 binding 

sites, crosses (X) represent mutations within CBF1 sites and bent arrow represent TSS of 

the luciferase reporter gene. Luciferase activity of all constructs that were co-transfected 

with ICN or DN-MAML were normalised to the results of WT 1.2 construct 

co-transfected with MigR1. This ensured the specific effect of ICN or DN-MAML was 

accurately determined to reflect fold-change from the basal WT 1.2 promoter activity 

(vertical red lines). Results were depicted as mean ± SEM of three biological replicates.  

Asterisks represent statistically significant difference compared to WT 1.2 of the 

respective co-transfections. ** p≤0.01; *** p≤0.001 
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5.3.4 Multiple regulatory elements within the CR2 promoter are required for Notch 

activation 

Previous data has demonstrated that both CBF1 binding sites within the CR2 promoter 

are important functional regions for regulating basal transcriptional activity. However, 

the CBF1 motifs were not responsible for mediating Notch induced activation of the CR2 

promoter. As such, CR2 promoter deletion co-transfections were performed in Reh cells, 

to determine regions within the CR2 promoter that harboured sites governing Notch 

induced transcriptional activity. As shown on Figure 5.6A, the CR2 promoter deletion 

constructs were named based on the distance upstream of the TSS where the deletion 

occurred.  

Results from previous Reh co-transfection with MigR1 indicated that the MigR1 vector 

did not influence CR2 transcriptional activity (Figure 5.4A). Compared to the WT 1.2 

construct basal MigR1 co-transfection (basal WT level), the -321 and -195 constructs 

co-transfected with MigR1 showed increased transcriptional activity 1.8-fold and 2.4-fold 

greater than basal WT level, respectively (Figure 5.6A) (WT 1.2 compared with -321: 

p=0.004; WT 1.2 compared with -195: p=0.003). This indicated that a repressor element 

lies upstream of this region, between -1.2 kb and -195 from the CR2 TSS. In contrast, 

the -135 construct co-transfected with MigR1 showed a 33.4% decrease in transcriptiona l 

activity compared to basal WT level, indicating that an activator element lies 

between -195 to -135 from the TSS (Figure 5.6A) (p=0.017). However, the -111 construct 

showed a 1.4-fold increase in transcriptional activity compared to the basal WT level, 

indicating that a repressor element lies within the -135 to -111 region of the CR2 promoter 

(Figure 5.6A) (p=0.031). Conversely, the -87, -72 and -60 constructs co-transfected with 

MigR1 showed a 20.3%, 38.3% and 33.7% decrease in transcriptional activity compared 

to the basal WT level, respectively (Figure 5.6A) (WT 1.2 compared with -87: p=0.077; 

WT 1.2 compared with -72: p=0.007; WT 1.2 compared with -60: p=0.038). Lastly, 

the -53 and -39 constructs co-transfected with MigR1 showed a 2.5- and 2.4-fold increase 

in transcriptional activity compared to the basal WT level, respectively (Figure 5.6A) 

(WT 1.2 compared with -53: p<0.0001; WT 1.2 compared with -39: p<0.0001).  

Overall, these data suggested that repressor elements may be located within the -1.2 kb 

to -195, -135 to -111, and -60 to -53 regions of the CR2 promoter for basal WT 

transcriptional activity. Further, the -195 to -135, and -111 to -60 regions may contain 

activator elements that are likely required for basal transcriptional activity of the CR2 

promoter.
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Figure 5.6: The region between both CBF1 binding sites within the CR2 promoter 

contains repressor elements that regulate Notch signalling in Reh cells. 

Reh cells were co-transfected with the CR2 deletion constructs and either the empty 

vector (MigR1, white bars) (A), Notch activation plasmid (ICN, black bars) (B), or Notch 

inhibition plasmid (DN-MAML, grey bars) (C). Starting at the 5’ end, transcript ion 

factors motifs within the CR2 promoter include the distal CBF1 site, Sp1 site, proximal 

CBF1 site, AP2 site, two E box sites and the TATA box. Luciferase activity of all 

constructs that were co-transfected with ICN or DN-MAML were normalised to the 

results of WT 1.2 construct co-transfected with MigR1. This ensured the specific effect 

of ICN or DN-MAML was accurately determined to reflect fold change from the basal 

WT promoter activity (vertical red lines). Results were depicted as mean ± SEM of at 

least four biological replicates. Asterisks represent statistically significant difference 

compared to WT 1.2 of the respective co-transfections. * p≤0.05; ** p≤0.01; 

*** p≤0.001; **** p<0.0001 
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Next, Reh cells were co-transfected with CR2 deletion constructs and ICN to activate 

Notch signalling. There was an increase in transcriptional activity above the basal level 

in all CR2 deletion constructs with ICN co-transfection (Figure 5.6B). The WT 1.2 

construct plus ICN co-transfection showed increased transcriptional activity nine-fold 

above the basal WT level (Figure 5.6B). The -321 and -195 constructs showed increased 

transcriptional activity of 18.6- and 17.7-fold above the basal WT level, respectively 

(Figure 5.6B). All other CR2 deletion constructs (-135 to -39) showed similar increased 

transcriptional activity, ranging from 6.2- to 11.8-fold increase, above the basal level 

(Figure 5.6B, -135 to -39 compared with the red line). Of note, the -321 and -195 

constructs plus ICN co-transfection transcriptional activities were two-fold greater than 

the WT 1.2 construct plus ICN co-transfection (Figure 5.6B) (WT 1.2 compared 

with -321: p=0.04; WT 1.2 compared with -195: p=0.012). The remaining constructs 

(-135 to -39) were also similar in transcriptional activity in comparison with the WT 1.2 

plus ICN co-transfection (Figure 5.6B, WT 1.2 compared with -135 to -39). Therefore, 

the ICN co-transfection suggested that the -1.2 kb to -195 region of the CR2 promoter 

may contain a Notch-mediated repressor element.  

Lastly, Reh cells were co-transfected with CR2 deletion constructs and DN-MAML to 

inhibit Notch signalling. The data showed a similar pattern of transcriptional activity in 

the DN-MAML co-transfections and the MigR1 co-transfections (Figure 5.6C compared 

with 5.6A). This suggested that there were no Notch-mediated transcriptional elements 

regulating CR2 promoter activity during Notch inhibition. 

5.3.5 A non-lymphoid cell line, K562, also demonstrated increased transcriptional 

activity following Notch activation 

As a control, the non-lymphoid cell, K562, was utilised to determine if Notch signall ing 

was B cell-context dependent. To enable valid comparison between the Reh and K562 

cell lines, K562 were co-transfected with MigR1 or ICN or DN-MAML.  

First, K562 cells were co-transfected with the CR2 deletion constructs and MigR1. Whilst 

there was a similar pattern of transcriptional activity between K562 co-transfection with 

MigR1 and Reh co-transfection with MigR1, there were differences in transcriptiona l 

activity with certain constructs (Figure 5.6A compared to Figure 5.7A). Specifically, the 

-321 construct with MigR1 co-transfection showed a non-significant 1.4-fold increase in 

transcriptional activity compared to basal WT level in K562 cells, whilst the fold increase 

in the same co-transfection with Reh cells was 1.8-fold greater than basal WT level 
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Figure 5.7: Non-lymphoid, K562, cells require different transcriptional elements for 

co-operative activation with Notch signalling than pre-B, Reh, cells. 

K562 cells were co-transfected with the CR2 deletion constructs and either the empty 

vector (MigR1, white bars) (A), Notch activation plasmid (ICN, black bars) (B), or Notch 

inhibition plasmid (DN-MAML, grey bars) (C). Starting at the 5’ end, transcript ion 

factors motifs within the CR2 promoter include the distal CBF1 site, Sp1 site, proximal 

CBF1 site, AP2 site, two E box sites and the TATA box. Luciferase activity of all 

constructs that were co-transfected with ICN or DN-MAML were normalised to the 

results of WT 1.2 construct co-transfected with MigR1. This ensured the specific effect 

of ICN or DN-MAML was accurately determined to reflect fold-change from the basal 

WT promoter activity (vertical red lines). Results were depicted as mean ± SEM of at 

least three biological replicates. Asterisks represent statistically significant difference 

compared to WT 1.2 of the respective co-transfections. * p≤0.05; ** p≤0.01; 

*** p≤0.001; **** p<0.0001 
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(Figure 5.7A compared to Figure 5.6A, -321) (K562, WT 1.2 compared with -321: 

p=0.068). The -195 construct plus MigR1 co-transfection showed a significant increased 

transcriptional activity of 1.4-fold above basal WT level in K562 cells, whilst the fold-

increase in the same co-transfection with Reh cells was 2.4-fold greater than basal WT 

level in Reh cells (Figure 5.7A compared with Figure 5.6A, -195) (K562, WT 1.2 

compared with -195: p=0.042). This indicated that within the -1.2 kb to -195 region of 

the CR2 promoter, the repressor element function might be specific to B cells. The -135 

construct plus MigR1 co-transfection showed a significant 61.3% decrease in 

transcriptional activity compared to basal WT level in K562 cells. Similarly, the same 

co-transfection in Reh cells demonstrated a significant 33.4% decrease in transcriptiona l 

activity compared to basal WT level in Reh cells. (Figure 5.7A compared to Figure 5.6A, 

-135) (K562, WT 1.2 compared to -135: p=0.0002). This indicated that the -195 to -135 

region of the CR2 promoter was likely required for basal CR2 transcriptional activity in 

both Reh and K562 cells. The -111 construct co-transfected with MigR1 showed a 

significant 33.5% decrease in transcriptional activity compared to basal WT level in K562 

cells, whilst the same co-transfection in Reh cells resulted in a significantly greater 

transcriptional activity compared to basal WT level (Figure 5.7A compared with Figure 

5.6A, -111) (K562, WT 1.2 compared with -111: p=0.019). This indicated that the 

activator element within -135 to -111 of the CR2 promoter in K562 cells functions as a 

repressor element in Reh cells. The -87, -72 and -60 constructs plus MigR1 

co-transfections showed a 61.2%, 70.6% and 51.5% decrease in transcriptional activity 

ranging compared to basal WT level in K562 cells, respectively (Figure 5.7A) (WT 1.2 

compared with -87: p=0.0003; WT 1.2 compared with -72: p=0.0001; WT 1.2 compared 

with -60: p=0.0005). Similarly, the same constructs co-transfected with MigR1 in Reh 

cells demonstrated a 20.3%, 38.3% and 33.7% decrease in transcriptional activity 

compared to basal WT level (Figure 5.7A compared with Figure 5.6A, -87, -72 and -60). 

This indicated that the -87 to -60 region was likely required for basal CR2 transcriptiona l 

activity in both Reh and K562 cells. Both the -53 and -39 constructs plus MigR1 

co-transfections showed decreased transcriptional activity compared to basal WT level in 

K562 cells, in contrast to the increased transcriptional activity above basal WT level in 

Reh cells with the same co-transfection (Figure 5.7A compared with Figure 5.6A, -53 and 

-39) (K562, WT 1.2 compared with -53: p=0.073; K562, WT 1.2 compared with -39: 

p=0.0003). This indicated that within the -60 to -53 region of the CR2 promoter, the 

activator element in K562 cells functions as a repressor element in Reh cells. In sum, the 

comparison between K562 and Reh co-transfection with MigR1 demonstrated 
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lymphocyte-specific repressor elements within the CR2 promoter. Specifica lly, 

the -1.2 kb to -195, -135 to -111 and -60 to -53 regions of the CR2 promoter previously 

identified in pre-B cell co-transfections likely have important repressor function in 

regulating lymphocyte-specific basal CR2 transcriptional activity. The -195 to -135, and 

-111 to -60 regions were likely required for basal CR2 transcriptional activity in both Reh 

and K562 cells.  

Next, K562 cells were co-transfected with ICN to activate Notch signalling and allow for 

comparison to Reh cells co-transfected with ICN. In general, all CR2 deletion constructs 

showed greater transcriptional activity with ICN co-transfection, compared to the basal 

WT level (Figure 5.7B). However, differences were observed with K562 cells compared 

to Reh cells (Figure 5.7B compared to Figure 5.6B). Specifically, all CR2 deletion 

constructs plus ICN in K562 cells showed a decrease in transcription activity compared 

to the same co-transfection in Reh cells. In Reh co-transfection, the -321 and -195 

constructs plus ICN co-transfection showed a two-fold increase in transcriptional activity 

compared to the WT 1.2 construct co-transfected with ICN (Figure 5.6B, -321 and -195). 

However, in K562 co-transfection, the -321 and -195 constructs plus ICN co-transfection 

showed similar transcriptional activity as with the WT 1.2 construct plus ICN 

co-transfection (Figure 5.7B compared to Figure 5.6B, -321 and -195). This suggested 

that a lymphocyte-specific repressor element lies within the -1.2 kb to -195 region of the 

CR2 promoter that was also functional during Notch signalling.   

Lastly, K562 cells were co-transfected with DN-MAML to inhibit Notch signalling. In 

K562 cells, all CR2 deletion constructs with DN-MAML co-transfection showed similar 

pattern of transcriptional activity compared to K562 cells co-transfected with MigR1 

(Figure 5.7C compared with Figure 5.7A). There were differences in transcriptiona l 

activity of the CR2 deletion constructs plus DN-MAML co-transfections in K562 cells 

compared with Reh cells plus DN-MAML co-transfections. Specifically, the -195 

and -135 constructs plus DN-MAML co-transfection showed a non-significant 1.2-fold 

increase in transcriptional activity compared to the basal WT level in K562 cells, 

compared to the same constructs co-transfected in Reh cells, where the increase in 

transcriptional activity was significantly greater than the basal WT in Reh cells (Figure 

5.7C compared with Figure 5.6C, -195 and -135). This indicated that within the -1.2 kb 

to -135 region of the CR2 promoter, the activator element in K562 cells functions as a 

repressor element in Reh cells during Notch inhibition. The -111 construct plus 

DN-MAML co-transfection demonstrated a 25.3% decrease in transcriptional activity 
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compared to the WT 1.2 plus DN-MAML co-transfection in K562 cells. In contrast, the 

same co-transfection in Reh cells showed a non-significant 1.4-fold increase in 

transcriptional activity compared to the WT 1.2 plus DN-MAML co-transfection. This 

indicated that within the -135 to -111 region of the CR2 promoter, the activator element 

in K562 cells functions as a repressor element in Reh cells during Notch inhibition. The 

-53 and -39 construct plus DN-MAML co-transfection in K562 cells show a 18.1% and 

55.5% decrease in transcriptional activity compared to the WT 1.2 plus DN-MAML 

co-transfection, respectively. However, the same co-transfection in Reh cells 

demonstrated a significant 2.9- and two-fold increase in transcriptional activity compared 

to the WT 1.2 plus DN-MAML co-transfection (Figure 5.7C compared with Figure 5.6C, 

-53 and-39). This indicated that the -60 to -53 region in the CR2 promoter functions as an 

activator in K562 cells, whilst this same region functions as a repressor element in Reh 

cells. Combined, these data demonstrated that the -1.2 kb to -195, -135 to -111 and -60 to 

-53 region of the CR2 promoter likely contained B cell specific repressor element in Reh 

cells, which functions as an activator element in K562 cells during Notch inhibition.  

5.3.6 In vitro identification of transcription factor binding to CBF1 binding sites 

within the CR2 promoter 

EMSA was employed to identify in vitro protein complex formation at the putative CBF1 

binding sites within the CR2 promoter. Within each EMSA reaction, transcription factors 

recognise and bind biotin-labelled oligonucleotide sequences, thereby forming DNA-

protein complex(es) that appear as distinct bands separated by non-denatur ing 

polyacrylamide gel electrophoresis289.  

EMSAs were initially performed using the distal CBF1 binding site as a target using either 

Reh or Ramos nuclear extract, allowing the identification of specific protein interactions 

to this cognate binding site. Three distinct complexes (A, B and C) were detected utilis ing 

Reh nuclear extract and four distinct complexes (A, B, C and D) with Ramos nuclear 

extract (Figure 5.8A, Reh: lane 2 – complexes A, B and C; Figure 5.9A, Ramos: lane 2 – 

complexes A, B, C and D). In order to determine specificity of the protein-DNA 

complexes detected, cold competition was performed. To this end, increasing 

concentrations (in molar excess) of unlabelled (cold competition) oligonucleotide was 

added to the binding reactions, before addition of biotin-labelled oligonucleotide of the 

same sequence. In the EMSA using Reh nuclear extract, complex A was completely 

abolished upon addition of 15x molar excess of cold competitor, whilst complexes B and 

C were abolished with 60x molar excess of cold competitor (Figure 5.8A, compare lane 
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Figure 5.8: In vitro transcription factor binding to the distal cognate CBF1 site 

within the CR2 promoter is specific in Reh cells. 

A) Three protein-DNA complexes (A, B and C) were formed using Reh nuclear extract 

and oligonucleotide sequence for the distal CBF1 binding site (lane 2). Addition of 

increasing molar excess (15x – 60x: lanes 3 to 5, respectively) of unlabelled cold 

competitor abolished complexes A, B and C. Lane 1 contains unbound biotin-labelled 

oligonucleotide only.  

B) Mutant cold competition was performed by addition of increasing molar excess of 

unlabelled mutant oligonucleotide (15x – 60x: lanes 3 – 5, respectively). Addition of 

mutant cold competitor did not result in the same abolishment of complexes, as 

previously observed in (A). Lane 1 contains biotin- labelled oligonucleotide only. 

C) Supershift assay confirms the presence of CBF1 binding within the protein-DNA 

complexes observed. Increasing amounts of CBF1 antibody was added to the reaction 

mix (2 µg and 4 µg: lane 3 and 4, respectively), resulting in the abolishment of complexes 

A, B and C. Lane 1 contains unbound labelled oligonucleotide only. 

Data are representative of three independent biological replicates.  

UB: unbound; +NEx: addition of Reh nuclear extract to the reaction mix; Ab: antibody. 
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Figure 5.9: In vitro transcription factor binding to the distal cognate CBF1 site 

within the CR2 promoter was also specific in Ramos cells. 

A) Four protein-DNA complexes (A, B, C and D) were formed using Ramos nuclear 

extract and oligonucleotide sequence for the distal CBF1 binding site (lane 2). Addition 

of increasing molar excess (15x – 60x: lanes 3 to 5, respectively) of unlabelled cold 

competitor abolished all complexes by 60x molar excess of cold competition. Lane 1 

contains unbound biotin- labelled oligonucleotide only.  

B) Mutant cold competition was performed by addition of increasing molar excess of 

unlabelled mutant oligonucleotide (15x – 60x: lanes 3 – 5, respectively). Addition of 

mutant cold competitor did not result in the same abolishment of complexes, as 

previously observed in (A). Lane 1 contains unbound biotin-labelled oligonucleotide 

only. 

C) Supershift assay confirms the presence of CBF1 within all four protein-DNA 

complexes observed. Increasing amounts of CBF1 antibody was added to the reaction 

mix (Lane 3 and 4), resulting in the abolishment of all four bands. Lane 1 contains 

unbound unlabelled oligonucleotide. 

Data are representative of three independent biological replicates.  

UB: unbound; +NEx: addition of Ramos nuclear extract to the reaction mix; 

Ab: antibody.  
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2 to lanes 3-5). Similarly, cold-competition was performed with Ramos nuclear extracts 

(Figure 5.9A). Complex A was completely abolished with 15x molar excess of cold 

competitor, whilst complexes B, C and D were completely abolished with 60x molar 

excess of cold competitor (Figure 5.9A, compare lane 2 to lanes 3-5). Using both Reh and 

Ramos cells, EMSA data demonstrated the abolishment of all complexes in cold 

competition assays indicating that the transcription factors within the complexes bind to 

the distal CBF1 sequence with high specificity.  

To further validate the specificity of binding across the distal CBF1 sequence, cold 

competition EMSA was performed using mutant unlabelled oligonucleotide. In Reh 

EMSAs, all three complexes (A, B and C) remained visible with 60x molar excess of 

mutant cold competitor (Figure 5.8B, compare lane 2 to lanes 3-5). Similarly, in Ramos 

EMSAs, all four complexes (A, B, C and D) remained with 60x molar excess of mutant 

cold competitor (Figure 5.9B, compare lane 2 to lanes 3-5). Combined, these data indicate 

that the transcription factors in both Reh (complexes A, B and C) and Ramos (complexes 

A, B, C and D) cells specifically bind with the distal CBF1 sequence.  

Finally, to verify the presence of CBF1 within the protein complexes in Reh or Ramos, 

supershift assays were performed. In supershift assays using Reh nuclear extract, there 

was an abolishment of complexes B and C and to a lesser extent, complex A, with the 

addition of 2 µg and 4 µg of CBF1 antibody. The protein-DNA complexes were observed 

to be stuck in the well of the EMSA gel, likely due to the larger complex formed with the 

addition of the CBF1 antibody (Figure 5.8C, compare lane 2 with lanes 3 and 4). This 

indicated that CBF1 is present in all complexes (A, B and C) formed with the distal CBF1 

site using Reh nuclear extract. Similarly, supershift assays were performed with Ramos 

nuclear extract. Abolishment of complexes B and D, and to a lesser extent complexes A 

and C were observed, when CBF1 antibody was added to the supershift reactions (Figure 

5.9C, compare lane 2 to 3 and 4). These data indicate that CBF1 is present in all four 

complexes (A, B, C and D) formed with the distal CBF1 site using Ramos nuclear extract.  

5.3.7 Identification of other transcription factors surrounding the putative proximal 

CBF1 binding site 

Co-transfection experiments using ICN and CR2 promoter deletion constructs in Reh 

cells demonstrated increased CR2 transcriptional activity in constructs not containing the 

proximal CBF1 binding site (Figure 5.6A). These data suggest that additiona l 

transcription factors and binding sites within the CR2 promoter may be responsible for 
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mediating Notch activation. Furthermore, EMSA was performed at the proximal CBF1 

site, however, there were issues in detecting in vitro binding to this region (data not 

shown). It is possible that the oligonucleotides tested were insufficient in length to detect 

potential synergistic binding of CBF1 at the proximal site, with other unidentif ied 

transcription factors in regions surrounding the proximal CBF1 binding site. To further 

investigate the region surrounding the proximal CBF1 binding site, bioinformatic analysis 

was performed across the -172 to -7 region upstream of the TSS, encompassing the 

proximal CBF1 binding site (Figure 5.10). The recently developed ConTra290 (version 3) 

online software was utilised to identify putative transcription factor motifs. The ConTra 

software incorporates consensus motif matrices from other databases and therefore 

provides comprehensive predictions of putative transcription factor binding sites. Whilst 

multiple transcription factor motifs were identified to bind in silico, the following 

transcription factor motifs were specifically noted within the -172/-7 region: AP-1, 

CTCF, E2A, EBF1, E Box, HES1, NF-κB, RBPjκ/CBF1, SP1. As shown in Figure 5.10, 

there was overlap of transcription factor motifs identified (AP1, HES1 and SP1) from the 

different matrices used. Furthermore, analysis demonstrated overlapping EBF and SP1 

transcription factor binding sites, with a predicted NF-κB site upstream of the proximal 

CBF1 site (Figure 5.10).  

The ENCODE ChIP-seq database was also utilised to examine known transcript ion 

factors binding across the -172/-7 region. Of the 26 transcription factors binding across 

this region, 22 were enriched by ChIP-seq in GM12878 cells (a B lymphocyte cell line) 

and K562 cells (Figure 5.10). This suggested that there were lymphocyte and myelo id-

specific transcriptional elements that enabled recruitment of transcription factors to the 

proximal CBF1 binding site within the CR2 promoter. Next, the PANTHER291 database 

was utilised to determine the pathways these ENCODE transcription factors were 

associated with (Table 5.1). The database identified one transcription factor, NFATC1, 

that was involved in B cell activation. Notably, the list in Table 5.1 also revealed 

transcription factors involved in other biological pathways that may be associated with 

Notch signalling, including SIN3A and MYC. 

Taken together, the bioinformatics analyses suggest that some transcription factors 

involved in other pathways may interact with CBF1 to the proximal cognate site during 

Notch activation. 
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Figure 5.10: Multiple transcription factors motifs were predicted to bind around the proximal CBF1 binding site (highlighted in blue). 

The CR2 gene is depicted in the top track (Top right – dark blue bar) depicted from left (5’) to right (3’). Highlighted in light blue is the putative proximal 

CBF1 binding site. The track below the CR2 gene shows binding motifs predicted from the Contra prediction software, using multiple different prediction 

matrix that produce results surrounding the same region. The last track shown on the bottom are the transcription factors identified by ENCODE ChIP-seq 

in the GM12878 and K562 cell lines.  
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Table 5.1: List of ENCODE transcription factors associated with biological 

pathways identified by the PANTHER database 

PANTHER Pathways ENCODE transcription factor(s) 

Angiotensin II-stimulated signalling 

through G proteins and beta-arrestin 

EGR1 

B cell activation NFATC1 

CCKR signalling map EGR1 

MYC 

General transcription by RNA 

polymerase I 

TBP 

Gonadotropin releasing hormone receptor 

pathway 

ZEB1 

EGR1 

NFATC1 

Huntington disease SIN3A 

TBP 

Inflammation mediated by chemokine 

and cytokine signalling pathway 

BCL3 

NFATC1 

Interleukin signalling pathway MYC 

Oxidative stress response MAX 

MYC 

PDGF signalling pathway MYC 

ELF1 

T cell activation NFATC1 

Transcription regulation by bZIP 

transcription factor 

TBP 

Wnt signalling pathway MYC 

NFATC1 

p53 pathway feedback loops 2 MYC 

p53 pathway PML 

SIN3A 
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5.4 Discussion 

5.4.1 Both CBF1 binding sites are required for appropriate basal transcriptional 

activity of the CR2 promoter 

Transfection assays were performed with Reh and Ramos cell lines to identify 

functionality of the two CBF1 binding sites within the CR2 promoter, representing the 

transition from non-CR2 expressing pre-B cells (Reh) to CR2 expressing mature B cells 

(Ramos), respectively. 

The pre-B cell transfection data demonstrated that both CBF1 binding sites function as 

activators in regulating basal transcriptional activity of the CR2 promoter. In Ramos cells, 

the data suggested that the two CBF1 binding sites have opposing functions in regulat ing 

basal CR2 transcriptional activity. Specifically, the distal CBF1 binding site functions as 

a repressor, whilst the proximal CBF1 binding site functions as an activator in mature B 

cells. Together, these data indicate that the CBF1 binding sites function in a cell context 

dependent manner, which is in agreement with a previous study identifying differentia l 

binding of CBF1 in B or T cells284. 

5.4.2 In vitro Notch activation increases transcriptional activity in pre-B cells 

To determine if transcriptional activity of the CR2 promoter was responsive to Notch 

signalling, co-transfection assays were performed.   

Pre-B cells co-transfected with an ICN overexpression construct showed significantly 

increased transcriptional activity of the CR2 promoter compared to basal levels. This 

result was in agreement with our co-culture data where CR2 mRNA expression was 

induced following Notch activation. Mutation of either or both CBF1 binding sites did 

not significantly abolish Notch induced CR2 transcriptional activity. Therefore, this data 

suggested that there could be other unidentified transcription factors modulating Notch 

induction of the CR2 promoter.  

The DN-MAML protein has previously been identified to inhibit Notch signalling29 2 . 

Pre-B cells co-transfected with a DN-MAML overexpression construct showed similar 

CR2 transcriptional activity as the basal levels observed (plus MigR1 co-transfections). 

This is likely due to the fact that endogenous Notch signalling was not active in pre-B 

cells. Therefore, Notch inhibition by DN-MAML co-transfection did not affect 

endogenous Notch signalling. This data is in line with the HES1 mRNA quantifica t ion 

data demonstrating lower transcript abundance in pre-B cells than mature B cells.  
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Taken together, these pre-B cell co-transfection data demonstrate that activation of Notch 

signalling was able to induce CR2 promoter activity, therefore supporting the previous 

co-culture results. Furthermore, mutation of CBF1 binding sites indicate that other 

transcription factors and binding sites may be responsible for Notch induction of the CR2 

promoter. Additionally, inhibition of Notch signalling did not affect CR2 transcriptiona l 

activity indicating that the endogenous Notch signalling pathway was likely inactive in 

pre-B cells.  

5.4.3 CR2 transcriptional activity in mature B cells is dependent on Notch signalling  

Co-transfections experiments were also performed using mature B cells to analyse the 

functionality of the putative CBF1 binding sites within the CR2 promoter in regulat ing 

CR2 transcription. When mature B cells were co-transfected with an ICN overexpression 

construct, there was a modest increase in CR2 transcriptional activity, albeit significantly 

lower than the induction observed in pre-B cells. This data agreed with the mature B cell 

co-culture data, where increased CR2 mRNA was observed in Notch activated mature B 

cells, albeit to a lower level than those observed with Notch activated co-cultured pre-B 

cells. Interestingly, mutation of the distal CBF1 binding site increased CR2 transcriptiona l 

activity during Notch activation. This suggested that the distal CBF1 binding site might 

function as a repressor element in mature B cells, in basal transcription and during Notch 

activation. 

Mature B cells co-transfected with a DN-MAML overexpression construct demonstrated 

no significant change in transcriptional activity of the CR2 promoter. Previous HES1 

mRNA quantification has shown activation of endogenous Notch signalling in uninduced 

mature B cells. Thus, it is likely that the DN-MAML overexpression construct did not 

completely attenuate endogenous Notch signalling, thus allowing endogenous Notch 

activation to prevent silencing of CR2 transcriptional activity in the DN-MAML 

co-transfected mature B cells. 

Combined, these data indicate that CR2 transcriptional activity was activated by Notch 

signalling in mature B cells. Furthermore, the functional analysis of the two putative 

CBF1 binding sites within the CR2 promoter, were also cell-context dependent during 

Notch activation.  
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5.4.4 CR2 promoter contains multiple regulatory elements in mediating cell- and 

lineage-specific CR2 transcriptional activity 

CR2 deletion constructs were utilised to identify important motifs within the CR2 

promoter that modulate Notch activation.  

Basal transcriptional activity in pre-B cells was shown to require -1.2 kb to -195, -135 to 

-111, and -60 to -53 regions as repressor elements to prevent transcription of CR2 in the 

non-CR2 expressing pre-B cells. Indeed, the YY1 repressor element (at the -1252/-1018 

region upstream of the CR2 TSS) has been demonstrated to be involved in silencing CR2 

transcription173. Similarly, the -135 to -111 region corresponded with a portion of the 

proximal CBF1 binding site. A previous study analysing the CBF1 consensus sequence 

(5’-CGTGGGAA-3’) identified the importance of the first, fourth, fifth and eighth 

nucleotide positions within the motif to enable CBF1 binding to its cognate site293. Thus, 

it is likely that in our CR2 deletion construct co-transfections, lacking half of the CBF1 

sequence motif did not permit CBF1 binding, which is known to have a repressive 

function74,219,220.  

The -60 to -53 region of the CR2 promoter is upstream of tandem E boxes. These tandem 

E boxes within the CR2 promoter have previously been identified as an activator in 

mature B cells, whilst functioning as a repressor in non-lymphoid cells182. Thus, the 

deletion of the -60 to -53 region may not allow binding of RP58, the transcription factor 

previously identified to bind to the tandem E boxes182. Furthermore, RP58 has previously 

demonstrated binding with heterochromatin to mediate transcriptional repression294. Our 

ChART-PCR data has also demonstrated low chromatin accessibility in the CR2 promoter 

in pre-B cells, which may recruit RP58 to silence CR2 transcription. In sum, the CR2 

promoter deletion data suggests it may be possible that YY1, CBF1 and RP58 recruited 

to their respective sites within the CR2 promoter mediate CR2 silencing in pre-B cells. 

CR2 deletion constructs co-transfected with the ICN overexpression construct allowed 

the identification of motifs regulating Notch activation. The -1.2 kb to -195 region was 

shown to be involved in Notch activation through mediating CR2 transcriptional activity. 

Further, YY1 binds to ICN1 and represses CBF1-dependent luciferase activity in vitro295. 

Thus, deletion of the region containing the YY1 site within the CR2 promoter resulted in 

increased transcriptional activity. Other CR2 deletion constructs co-transfected with an 

ICN overexpression construct also demonstrated increased CR2 transcriptional activity. 

These increases were similar to the WT CR2 promoter with Notch activation, indicat ing 



 

146 
 

that other as yet unidentified transcription factors may regulate Notch-induced CR2 

transcriptional activity. 

Lastly, inhibition of Notch signalling in pre-B cells showed similar CR2 transcriptiona l 

activity to that observed with basal pre-B cells. This indicated that Notch inhibition did 

not influence transcriptional activity in pre-B cells.  

5.4.5 Notch signalling utilises pre-B cell specific transcription factors to induce CR2 

transcriptional activity compared to non-lymphoid cells 

To further define B cell specific regulatory elements within the CR2 promoter, 

co-transfection experiments were undertaken in a non-lymphoid cell line, K562. Basal 

CR2 transcriptional activity in K562 cells allowed the comparison and identification of 

B cell specific regulatory elements within the CR2 promoter. This comparison allowed 

validation of the three repressor elements identified with pre-B cells to determine whether 

they were specific for repression in lymphocytes. Further, it would be of interest to 

investigate if these elements function to repress CR2 transcription in T cells. Thus, 

highlighting B or T lymphocyte specific activity of these repressor elements.  

With Notch overexpression, the non-lymphoid K562 cells showed increased CR2 

transcriptional activity. However, this induction was not to the same extent as that 

observed in pre-B cell co-transfections. This indicated that Notch signalling is enhanced 

by other unidentified lymphocyte specific transcription factors in regulating CR2 

transcriptional activity.  

Lastly, non-lymphoid K562 cells co-transfected with Notch inhibition constructs showed 

similar transcriptional activity as basal K562 cells. Indeed, it has been reported that Notch 

activation inhibited erythroid and megakaryocyte lineage development296. Therefore, 

whilst CR2 transcriptional activity may not have been affected by Notch inhibition, other 

erythroid- or megakaryocyte-specific genes may have been inhibited with the 

DN-MAML overexpression construct. 

Taken together, the co-transfection of a non-lymphoid cell line allowed comparison and 

identification of lymphocyte-specific regulatory elements within the CR2 promoter. The 

data indicated multiple regions within the CR2 promoter containing B cell specific 

regulatory elements, such as the YY1 repressor, CBF1 binding to the proximal cognate 

site and RP58 binding to the tandem E boxes. Furthermore, the K562 data suggested that 
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Notch induced CR2 transcriptional activity in pre-B cells is enhanced by currently 

unidentified pre-B cell specific transcription factors.  

5.4.6 CBF1 binds to the distal cognate site within the CR2 promoter in vitro 

To further validate binding of CBF1 to its cognate sites within the CR2 promoter, we 

employed EMSA to detect in vitro binding. Utilising pre-B and mature B cell nuclear 

extracts, distinct complexes were formed through interactions between transcript ion 

factors and DNA. A difference in the number of transcription factor-DNA complexes 

formed were observed between pre-B (Reh) and mature B (Ramos) cells. It would be of 

interest to further identify the different proteins within all the complexes formed in these 

B cells. This may enable the elucidation of stage-specific transcription factor binding 

differences during B cell development. Indeed, proteome analysis across different stages 

of B lymphopoiesis has demonstrated differences in protein expression in B cells through 

maturation. Specifically, proteins involved in cytoskeletal structure were higher in 

expression in pre-B cells, whilst mature B cells express higher levels of proteins involved 

in transcription297.  

Furthermore, WT and mutant cold competition EMSA demonstrated specificity of the 

transcription factors to the distal CBF1 binding site. Utilising supershift assays, we 

verified that CBF1 was present in all the complexes formed. As such, the EMSA and 

supershift assays demonstrated high specificity of CBF1 binding to the distal cognate site 

within the CR2 promoter. It would be of great interest to identify how transcription factor-

DNA complexes change with pre-B or mature B cells that have Notch signalling activated 

or inhibited (either through co-culture or by transfection).  

5.4.7 Multiple transcription factors bind to the proximal CBF1 binding site  

The attempt to identify binding of CBF1 to the CR2 promoter proximal cognate sequence 

in vitro was unsuccessful as EMSA did not detect such interaction. We believed that the 

tested oligonucleotide sequence length was insufficient to allow binding of CBF1 and its 

potential binding partner(s). It is possible that CBF1 binding may only occur during Notch 

activation. Indeed, an alternative model of Notch signalling has been proposed, where 

binding of CBF1 only occurs during Notch activation, therefore functioning only as an 

activator. This dynamic binding of CBF1 differs from the previously understood static 

binding of CBF1 that functions firstly as a repressor, before switching its function to an 

activator during Notch activation286,287,298. As such, this alternative model of CBF1 

binding might account for the absence of complex formation in the EMSA.  
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To further determine the potential synergistic interaction between CBF1 and other 

unidentified transcription factor(s), bioinformatic analysis was performed. The ConTra 

(version 3) online motif prediction validated binding of previously identified tandem 

E boxes177,182. Furthermore, NF-κB is predicted to bind upstream of the proximal CBF1 

binding site within the CR2 promoter. This aligns with a previous study that identified a 

putative NF-κB site overlapping the proximal CBF1 binding site181. Potentially, there is 

cooperative interaction between NF-κB with CBF1. Indeed, the IL-6 gene contains 

functional CBF1 and NF-κB binding sites, that overlap within the IL-6 promoter in 

regulating IL-6 expression299.  

The ENCODE ChIP-seq database was utilised to identify known transcription factors 

binding across the proximal CBF1 binding site within the CR2 promoter. The majority of 

transcription factors identified were enriched in B cells and in the erythroid lineage. This 

bioinformatic analysis suggests these transcription factors were likely functional in B 

cells to regulate CR2 transcriptional activity, whilst repressing transcriptional activity in 

the erythroid lineage. These transcription factors were then categorised into their 

associated biological pathways using the PANTHER database. Interestingly, NFATC1 

was noted to be associated in the B cell activation pathway, binding approximately 100 

bp downstream of the proximal CBF1 binding site within the CR2 promoter. Tandem 

affinity purification followed by mass spectrometry (TAP/MS) has previously identified 

NFATC1 as a binding partner to CBF1300. Bioinformatic analysis of the ENCODE 

ChIP-seq data has also highlighted two proteins worth noting: SIN3A and MYC. SIN3A 

has previously been demonstrated to be associated with the CBF1 repressor 

complex245,246. Whilst MYC was not identified to be involved in B cell activation, MYC 

expression is regulated by NOTCH1 in T-ALL cells301. Combined, these data suggest that 

CBF1 might require other co-factors such as NF-κB or NFATC1 to enable binding to its 

cognate site.  

A previous ChIP-seq analysis identified most CBF1 binding sites to be greater than 20 kb 

away from Notch target genes286. Recent unpublished circularised chromosome 

conformation capture (4C) data generated in our laboratory identified CTCF-mediated 

chromatin interaction between the CR2 gene with the genes of the RCA cluster (Clayton, 

J., 2018, personal communication). Combined, these data indicate that the chromatin 

landscape plays an important role in allowing CBF1 interaction with distal elements to 

regulate Notch target genes.  
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Taken together, these bioinformatic analyses have suggested that putative cooperative 

binding of other transcription factors with CBF1 is likely required to enable binding to 

the proximal CBF1 site. Co-immunoprecipitation analysis would validate putative 

interaction between CBF1 and other transcription factors.  

5.5 Concluding remarks 

The results presented in this chapter provide supporting evidence for our pre-B and 

mature B cell co-culture data; CR2 transcriptional activity is induced with Notch 

activation. However, putative synergistic interaction of other B cell specific factors may 

contribute to Notch activation to mediate CR2 transcriptional activity. Furthermore, the 

data demonstrated functionality of the CBF1 binding sites within the CR2 promoter, in 

both pre-B and mature B cells. Additionally, the minimal CR2 promoter region required 

for Notch activation was identified to contain lymphoid-specific regulatory elements. In 

vitro binding of CBF1 was also detected at the distal CBF1 binding site, with differences 

in recruitment of transcription factor complexes between pre-B and mature B cells. This 

suggested that stage-specific transcription factors resulted in different interaction with 

CBF1. Finally, bioinformatic analysis suggests an intricate interaction of Notch signall ing 

with other biological pathways.
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Chapter 6 

General Discussion
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6.1 Notch activation is capable of initiating CR2 transcription in non-CR2 expressing 

pre-B cells 

Notch signalling plays a pivotal role in determining multiple developmental pathways. 

Within CLP lineage commitment, Notch signalling plays an integral role in determining 

B or T cell fate. Appropriate Notch signalling is required for B cell maturation, however 

its precise role in regulating the pre-B to mature B cell transition remains to be 

elucidated302. CR2 surface expression is a marker of B cell maturation following 

successful navigation of negative selection; however, the transcriptional mechanism of 

initiating CR2 mRNA expression during this transition has not been identified.  

By utilising a Notch co-culture system, we provided evidence of CR2 mRNA induction 

in pre-B cells, where CR2 expression is normally silenced. Furthermore, our 

co-transfection data demonstrated increased transcriptional activity of the CR2 promoter 

induced by Notch activation. Analysis of HES1 mRNA expression, as a measurement of 

Notch activation, has also uncovered an inverse relationship between the time course of 

HES1 induction and CR2 mRNA expression. Indeed, HES1 expression is required for 

T cell lineage commitment, but dispensable during the maturation process of T cells303. 

This suggests a potential role for HES1 in transcription initiation of CR2, but it may be 

dispensable for CR2 mRNA maintenance. Interestingly, overexpression of HES1 has 

previously been demonstrated to impair in vivo B cell development192. Whether HES1 

expression functions to regulate CR2 transcription during Notch activation is an area of 

future investigation.  

Our current data demonstrates that CR2 expression in pre-B cells plateaued following an 

extended period of constant Notch signalling. This indicates a fine balance between Notch 

signalling and induction of CR2 mRNA expression during B cell development, where 

ectopic Notch activation inhibits B cell development and insufficient Notch signall ing 

prevents pre-B cell maturation. Indeed, a recent study of CLPs has demonstrated that a 

fine balance in the strength and duration of Notch signalling is required for determining 

B or T cell fate. Strong or prolonged Notch signalling results in T cell development, whilst 

weak and a short duration of Notch signalling results in B cell development304. Within 

the murine thymus microenvironment variable expression of Dll1 and Dll4 has been 

demonstrated. Variable expression of Delta-like ligands in the thymus is important in 

regulating T cell development305. In the context of the bone marrow, the 

microenvironment is known to play an important role in ensuring appropriate Notch 

signalling306. In the context of B cell maturation, the bone marrow microenvironment is 
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important to ensure self-reacting B cells do not escape negative selection128. Furthermore, 

appropriate expression of IL-7 and Notch has also been shown to regulate development 

of innate lymphoid cell types, thus demonstrating the importance of multiple signall ing 

pathways within the microenvironment, which regulate lymphoid development304. Our 

current data utilising a bone marrow-like microenvironment has demonstrated the 

importance of Notch signalling in regulating pre-B cell maturation. The current Notch 

co-culture system utilised is restricted to the effects of Notch signalling on B cell 

maturation within the complex bone marrow niche. Hence, it remains to be explored how 

a combination of Notch and other signalling pathways would regulate B cell maturation.  

CR2 surface expression was only observed in a small population of pre-B cells following 

Notch activation. It is likely that CR2 mRNA expression is considered ectopic in pre-B 

cell, resulting in activation of mRNA decay mechanisms to remove CR2 mRNA213–215. 

Indeed, it would be of interest to determine the half-life of CR2 mRNA within a pre-B 

cell.  

In our analysis of co-cultured pre-B cells, preliminary evidence has also indicated that 

these Notch activated pre-B cells did not undergo apoptosis. Currently, the effects of 

Notch signalling in inducing apoptosis is controversial. Analysis of several B cell 

malignancies (pre-B acute lymphoblastic leukaemia (B-ALL), Hodgkin lymphoma, 

multiple myeloma and mixed-lineage leukaemia) identified growth arrest and apoptosis, 

when the cells were transfected with either ICN1 or HES1307. Furthermore, co-culture of 

these malignant cells with JAG1 or JAG2 resulted in significant cell death307. Simila r ly, 

a B-ALL cell line showed decreased HES5 and NOTCH3 expression, likely due to the 

hypermethylation of a CpG island in both gene promoters. When B-ALL cells were 

transfected with a HES5 overexpression plasmid, it resulted in growth inhibition and 

increased apoptosis308. In contrast, it has been reported that multiple myeloma cells 

require Notch signalling for their survival, as demonstrated by treatment of these 

malignant cells with a GSI and chemotherapeutic drugs309. Specifically, the inhibition of 

the Notch pathway by a GSI induced the expression of proapoptotic genes309. Simila r ly, 

it was observed that patient-derived B-ALL cells required NOTCH3- and NOTCH4-

mediated signalling for cell survival310. These studies demonstrate the complexity of 

Notch induced responses in B cells.  
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6.2 Chromatin accessibility across CR2 regulatory regions is regulated by Notch 

signalling during B cell development 

Investigation of chromatin accessibility surrounding the CR2 regulatory regions 

demonstrated increased chromatin accessibility in mature B cells compared to pre-B cells. 

Specifically, in mature B cells, the CR2 promoter was highly accessible, with increasing 

accessibility with closer proximity to the TSS. In unstimulated pre-B cells, chromatin was 

inaccessible across the entire promoter region. CR2 is actively transcribed at the mature 

B cell stage of development and therefore accessible chromatin is not unexpected. Indeed, 

this has also been demonstrated in other B cell specific genes, where increased chromatin 

accessibility is associated with active gene expression280. Certainly, the CR2 promoter 

has previously been identified to be depleted of nucleosomes in mature B cells compared 

to pre-B cells180,181. Our current data supports the understanding that regulation of the 

epigenome plays an important role in permitting active CR2 gene transcription.  

Within intron 1 of the CR2 gene lies the CRS that functions as a cell- and stage-specific 

silencer183. Indeed, bioinformatic analysis of human gene introns demonstrated that the 

first intron of genes are more evolutionarily conserved, with a greater number of motifs 

associated with transcriptional regulation, i.e. DNase I hypersensitivity, H3K4me3, 

H3K9me3 and CTCF binding311. Whilst previous data suggest the importance of intron 1 

in regulating CR2 expression, the mechanism of transcriptional regulation by the CRS is 

yet to be fully elucidated. Chromatin accessibility assays investigating the CRS 

demonstrated a consistently higher chromatin accessibility profile in mature B cells 

compared to pre-B cells. 

In order to understand the mechanism of Notch induction of CR2 mRNA in pre-B cells, 

chromatin accessibility assays were performed across the CR2 regulatory regions prior to 

and following Notch activation. These accessibility assays demonstrated dynamic 

chromatin changes following Notch activation. It would be of interest to further 

investigate this using other methodologies, such as ATAC-seq and FAIRE-seq, to 

validate the observed dynamic change in chromatin accessibility following Notch 

activation. The current data suggests that Notch signalling is able to partially prime the 

CR2 regulatory regions into a poised state for mRNA expression. Priming of the CR2 

promoter allows additional transcription factors to further maintain the regulatory region 

in a state of accessibility for transcription. Proteome analysis of murine nuclear proteins 

has previously demonstrated that proteins involved in euchromatin remodelling were 

expressed early in the pro-B cell stage of development312. B cell specific transcript ion 
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factors, EBF1 and PAX5, have been shown to recruit chromatin-modifying proteins to 

poise B cell specific genes for transcription during lineage commitment210,313.  

Our chromatin assays demonstrated that Notch activation was able to increase chromatin 

accessibility; however, Notch signalling was unable to permanently maintain the 

regulatory regions in an open state. It is possible that Notch signalling cooperates with 

the appropriate expression of other B cell specific factors to sustain an open chromatin 

environment to allow B cell maturation. During B cell development, expression of Bmi1 

is required to ensure the Ebf1 and Pax5 genes are poised in HSCs and enable B cell 

differentiation314. This study indicated a sequence of genetic events to allow appropriate 

expression of B cell specific genes. It is possible that in our current investigation, pre-B 

cells do not express transcription factors predominately expressed in mature B cells. 

These unidentified transcription factors may cooperate with Notch activation to 

permanently poise the CR2 regulatory regions for transcription. Combined with the 

transcriptional data, we propose a molecular mechanism via which Notch signall ing 

regulates CR2 mRNA expression (Figure 6.1).  

In our chromatin assays, we observed coordinated changes in chromatin accessibility of 

the CR2 promoter and CRS, following an extended period of Notch activation. This 

observation may be explained by cooperative regulation by genomic topology 

surrounding the CR2 gene. Analysis of human and mouse genomes have demonstrated 

that cis-regulatory elements and accessible chromatin (defined by DNase I hypersensit ive 

sites) have specific roles in regulating cell-specific gene expression. Furthermore, these 

genomic regulatory features function cooperatively with gene promoters through 

chromatin looping315,316. Preliminary 4C data generated by our laboratory has 

demonstrated that the CR2 gene lies within a topological domain with surrounding genes 

of the RCA cluster (Clayton, J., 2018, personal communication).  Therefore, these studies 

suggest that the CRS may be mediate CR2 expression by chromatin interaction with other 

cis-regulatory elements and the CR2 promoter.  

Furthermore, analysis of Notch signalling in fruit fly demonstrate regulation of a Notch 

target gene, through binding of Su(H) (an orthologue of CBF1) and a co-repressor within 

its intron317. Therefore, it is possible that CR2 expression could be similarly regulated by 

CBF1 mediated through intronic regulatory elements. Interestingly, the same study also 

identified repressor motifs associated with active chromatin marks (such as H3K4me1 

and H3K27Ac). These repressor motifs regulated the Notch target gene despite the 

absence of Su(H) binding, and are believed to poise Notch target genes for expression317 . 



 

155 
 

Figure 6.1: Notch activation in pre-B cells results in increased CR2 transcription 

through the potential recruitment of multiple transcription factors . 

DLL1-mediated Notch signalling results in increased CR2 mRNA expression. Increased 

transcription is regulated by ICN binding to CBF1. Additionally, it may be that NF-κB 

and NFATC1 are binding partners to CBF1 to stabilise interaction of CBF1 to its cognate 

sites. Furthermore, EBF1 and PAX5 may be required to maintain the CR2 promoter 

chromatin accessibility to allow CR2 transcription. Bent arrow represents the TSS of the 

CR2 gene, whilst the dotted line represents putative interaction.  



 

156 
 

Our present chromatin assays demonstrated that the CRS has higher chromatin 

accessibility in mature B cells compared to pre-B cells. However, the histone 

modification surrounding the CRS remains to be elucidated and is an area of further 

investigation. It is possible that the CRS may poise the CR2 gene for appropriate 

signalling to initiate transcription. 

6.3 Notch signalling increases CR2 expression in mature B cells 

Mature B cells that leave the bone marrow and migrate into secondary sites express CR2 

to varying levels in the marginal zone or follicular zone148. However, the effects of Notch 

signalling on CR2 expression at the mature B cell stage of development remains unclear. 

Notch activation of mature B cells demonstrates an increase in CR2 mRNA expression. 

Furthermore, co-transfection of mature B cells with an ICN overexpression construct 

demonstrated increased transcriptional activity of the CR2 promoter. A previous study 

has demonstrated that Notch1 overexpression in vivo increased marginal zone B cell 

(CR2high) development, whilst the follicular B cell (CR2+) population was 

compromised318. Another study by Zhang and co-workers319 demonstrated reduced cell 

growth of murine splenic mature B cells co-cultured on OP9-DLL1 cells. However, this 

study did not elucidate changes in Cr2 expression on murine mature B cells319. As such, 

our work presented here demonstrates a novel insight into Notch signalling and regulat ion 

of CR2 mRNA in mature B cells.   

The expression of endogenous HES1 mRNA in the mature B cell line, Ramos, indicated 

that endogenous Notch signalling is active in these cells. This data aligns with a previous 

investigation into Hes1 mRNA expression during murine B cell maturation99. Certainly, 

Notch signalling has been implicated in determining development of marginal zone and 

follicular zone B cells193–196,199. Our present study demonstrates that Notch activation of 

mature B cells downregulated HES1 mRNA expression potentially via regulation through 

a negative feedback mechanism211. This negative feedback loop has been demonstrated 

by neural stem cells and embryonic stem cells during neurogenesis and somitogenes is, 

respectively212,320–322. Interestingly, conditional knockout of Hes1 expression does not 

affect the development of marginal zone B cells nor expression of Cr2, indicating that 

Hes1 expression is not required at the mature stage of B cell development303. It remains 

to be seen if HES1 mRNA downregulation might be redundant, due to the compensation 

of the other HES and HEY family genes.  
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Inhibition of Notch signalling did not affect CR2 promoter transcriptional activity. 

However, Notch inhibition co-culture experiments demonstrated attenuated Notch-

activated induction of CR2 mRNA expression and a decrease in CR2 surface expression, 

indicating a role for Notch signalling in regulating translation. Previous studies have 

identified that Notch signalling regulates the expression of proteins required for 

translation, or by an unidentified mechanism to inactivate proteins involved in 

translation216,217. Therefore, our data further supports the role of Notch signalling in 

regulating CR2 both at the level of transcription and translation. These regulatory effects 

may be cell context dependent. 

6.4 CBF1 binding sites within the CR2 promoter interact with binding partners to 

regulate CR2 mRNA expression 

CBF1 functions as a tethering point for activation or repression of Notch target genes. 

Here, we identified that whilst the putative CBF1 binding sites within the CR2 promoter 

are functional, the two sites can only partially explain Notch induction of CR2 expression. 

Furthermore, these binding sites are functional in both pre-B and mature B cells. 

Certainly, functional CBF1 binding sites have been identified within the canonical Notch 

gene, HES169,70. Additionally, CD23 expression in pre-B cells has also shown to be 

regulated by Notch activation through multiple CBF1 binding sites within the CD23 

promoter323. Whilst Notch signalling is known to activate target genes, the degree of 

activation varies between the Notch receptors. Notch1 activation of Hes1 transcriptiona l 

activity has been shown to be greater than the effects of activation by either Notch2 or 

Notch3253,318. In our current investigation, ICN1 was utilised to induce CR2 

transcriptional activity. It remains to be elucidated how alternate ICN isoforms (i.e. ICN2, 

ICN3 and ICN4) would affect CR2 transcriptional activity. 

Deletion of the proximal CBF1 site demonstrated increased CR2 promoter activity 

following induction of Notch signalling. This suggested the proximal CBF1 site was not 

solely responsible for Notch activation and therefore indicates that other binding partners 

may interact with CBF1. Putative NF-κB binding was previously identified to overlap 

with the proximal CBF1 binding site181. Indeed, Notch signalling has been demonstrated 

to interact with NF-κB signalling (Reviewed by Osipo et al.324). NF-κB and Notch2 have 

been identified to synergistically regulate marginal zone B cells, as well as the expression 

of Notch target genes, Hes5 and Deltex1325. Furthermore, NF-κB has been demonstrated 

to induce expression of JAG1 in a cervical carcinoma cell line326. Therefore, it is possible 
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that NF-κB and Notch signalling play an important role in regulating CR2 transcript ion 

(Figure 6.1).  

A study by Miyazaki and collaborators327 demonstrated that Notch receptor expression in 

T cells is regulated by E2A. Whilst E2A does not regulate CBF1 expression, E2A has 

been shown to enhance CBF1 binding to enhancers sites regulating Notch receptor 

expression in T cell progenitors327. As E2A is key in determining B cell fate, it will be of 

interest to examine the effects of E2A in regulating Notch activation in pre-B cells. 

Previous TAP/MS has also identified binding of NFATC1 to CBF1300. Together, these 

data suggest that CBF1 may interact with multiple transcription factors that are bound 

within the CR2 promoter. CBF1 is also likely to interact with distal regions, as most CBF1 

binding sites are distally located from target genes286. Recent data generated in our 

laboratory has identified binding of CTCF within intron 1 of CR2328, and further 4C data 

demonstrated that CTCF mediated chromatin interaction with genes within the RCA 

cluster (Clayton, J., 2018, personal communication). Additionally, CTCF has been 

identified to interact with CBF1, suggesting that CTCF may mediate chromatin 

interaction between CBF1 and other transcription factors to regulate CR2 expression329 . 

Combined, these studies demonstrate the intricate interaction of CBF1 with other 

signalling pathways in order to regulate Notch activated gene expression in a cell-context 

manner.  

6.5 Summary 

In summary, the body of work presented in this thesis has advanced our understanding of 

the role of Notch signalling during B cell development. We show a novel role for Notch 

signalling in the pre-B to mature B cell transition, through analysis of a mature B cell 

marker, CR2. Through our study, we demonstrate further insight into regulation of 

transcription and translation of CR2 expression by Notch signalling in pre-B and mature 

B cells. Molecular investigation has also shown that Notch signalling plays a role in 

modulating the chromatin landscape to enable regulation of CR2 expression in pre-B 

cells. Functional analysis of the CR2 gene promoter revealed a complex mechanism of 

Notch signalling regulating CR2 expression in a cell-context dependent manner. Overall, 

the work presented here revealed new insights into Notch signalling pathways which 

mediate pre-B cell to mature B cell lineage commitment through the expression of CR2.  
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A1.1 Materials and methods for apoptosis assay on the AMNIS ImageStream®X 

Mark II Imaging flow cytometer 

Approximately 1 × 106 Reh cells were harvested following co-culture with either Notch 

activation or inhibition, for 24 h. Reh cells were washed once in 1 mL ice-cold stain buffer 

at 300 × g for 5 min at 4°C. Cells were then stained for the apoptotic marker, Annexin V, 

with a viability stain, 7-AAD, using the Biotium CF488A Annexin V and 7-AAD 

Apoptosis Kit (Fisher Biotec, Western Australia, Australia), as recommended by the 

manufacturer. Upon staining the cells for approximately 20 min, no additional stain buffer 

was added to the cell suspension to maintain a concentration of 1 × 107 cells/mL for 

optimal detection using the imaging flow cytometer. The AMNIS ImageStream®X Mark 

II Imaging flow cytometer (Merck, New Jersey, USA) (henceforth called the AMNIS) 

was used to detect dead and dying cells. Co-cultured Reh cells were also unstained, or 

stained with either Annexin V-CF488A, or 7-AAD alone. Cells were imaged at 40x 

magnification in the brightfield setting and a total of 5,000 events were collected.  

Concurrently, an aliquot of 1 × 106 co-culture or Reh control cells were harvested and 

stained with CR2-PE (Section 5.2.4). The AMNIS was utilised for imaging flow 

cytometric analysis.  

A1.2 Flow cytometric detection of apoptotic and CR2-expressing Reh cells 

A1.2.1 Reh cells concurrently stained with CR2-PE, Annexin V and 7-AAD gave 

false positive result for apoptosis 

Reh cells harvested from co-culture were stained with CR2-PE, Annexin V-CF488A and 

7-AAD. However, using the Accuri C6 flow cytometer, Reh cells did not present the same 

profile on FSC versus SSC plot, as typically observed with co-cultured Reh cells stained 

with CR2-PE only (Figure A.1). As such, the detection of CR2 and apoptosis were 

performed separately using aliquots of co-cultured Reh cells.  
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Figure A.1: Reh cells that were stained for CR2, Annexin V and 7-AAD did not have 

the same FSC versus SSC as Reh cells stained for CR2-PE only. 

A) Reh cells stained with the CR2-PE antibody only showed a single population of cells 

in the FSC versus SSC plot. 

B) Reh cells stained with the CR2-PE antibody, Annexin V-CF488A and 7-AAD 

appeared to have altered morphology and displaying a second population in the FSC 

versus SSC plot.  
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A1.2.2 Gating strategy for detection of live, dying and dead cells and cells that were  

CR2 positive 

Following the collection of 5,000 events by the AMNIS, data analysis was performed to 

determine the number of apoptotic cells in Reh controls, or Reh cells co-cultured with 

Notch activation or inhibition (Figure A.2). First, total events were gated to determine the 

number of events that were in focus within the flow stream of the AMNIS (Figure A.2A). 

Next, the single cell population was determined from all events in focus (Figure A.2B). 

This was determined by the area to aspect ratio, where a cell that is completely circular 

would have an aspect ratio of 1. Lastly, single cells in the Annexin V-CF488A and 7-AAD 

channels were used to determine the cells that were live (Annexin V-CF488A- and 

7-AAD-) or dying (Annexin V-CF488A+ and 7-AAD+/-) (Figure A.2C).  

The same gating strategy was applied for the detection of CR2 expression, by first 

determining focused events, followed by detection of single cells. The CR2+ population 

was determined using Reh cells stained with an IgG-PE isotype control, such that less 

than 1% of cells were in the CR2+ gate (Figure A.2C). Using the AMNIS, the data 

collected combines both the image of each individual cell/event, as well as the 

fluorescence detected in the different channels, typically observed with flow cytometry. 

A1.2.3 Notch activation and inhibition had no effect on apoptosis 

An immediate difference between the replicates were higher fluorescence of the cells in 

the channel detecting 7-AAD (Figure A.3). This was also observed in the unstained 

controls (data not shown). A possible reason for this observation might be due to 

autofluorescence of the cells, as these were also observed in the unstained controls.  

Despite a difference in fluorescence in the 7-AAD channel, there was a similar population 

profile of the Reh cells stained with Annexin V and 7-AAD. Cells were gated as either 

live (Annexin V-CF488A- and 7-AAD-) or undergoing early apoptosis (Annexin V-

CF488A+ and 7-AAD+/-), as measured by an increased detection of Annexin V, a marker 

for apoptosis. However, cells undergoing late apoptosis (Annexin V-CF488A+ and 

7-AAD+) were not detected in any of the biological replicates. It is likely that our current 

experiment did not examine a population of a sufficient sample size to detect cells that 

may be in a late apoptotic stage. Nevertheless, in both Notch activated or inhibited Reh 

cells, there were no discernible differences observed in the number of cells falling within 

the apoptotic gate compared to uninduced Reh cells (Figure A.3). 
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Figure A.2: The gating strategy used to identify CR2 expression and apoptotic Reh 

cells. 

A) Firstly, all events were gated to those that were in focus within the brightfield channel. 

B) Next, within the R1-focus population, single cells were gated based on their area 

(x-axis) and aspect ratio (y-axis).  

C) Finally, Reh cells were gated for apoptotic cells, or CR2 expression. 
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A1.2.4 Short-term Notch signalling can induce CR2 expression in a small population 

of Reh cells 

Investigation of Reh cells following short term Notch activation demonstrated an 

induction of CR2 mRNA expression. Imaging flow cytometry was utilised on Reh cells 

co-cultured on DLL1-expressing OP9 stromal cells for 24 h to determine if short term 

Notch signalling could induce CR2 surface expression. The AMNIS allowed visualisa t ion 

of single cells in the brightfield channel, as well as specific fluorescence staining of the 

cell. Examining Reh cells co-cultured with Notch activation, there was a small number of 

Reh cells that were gated positive for CR2 expression (Figure A.4). However, CR2 

surface expression was not detected in uninduced Reh cells, nor in Notch inhibited Reh 

cells (data not shown).  

Using imaging flow cytometry, these cells were fluorescing in the PE channel, albeit to a 

lower intensity than a mature CR2-expressing B cell, Ramos (Figure A.4E). The data 

from imaging flow cytometry suggested that short-term Notch activation results in 

expression of CR2 in a small population of Reh cells.  
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Figure A.3: Notch activation and inhibition did not change apoptosis rate of Reh 

cells in either duplicate (#1 and #2). 

Duplicates were performed on (A) uninduced Reh control, (B) Notch activated, or (C) 

Notch co-cultured Reh cells. Reh cells were gated as either live (black) or undergoing 

early apoptosis (red), as shown on the plot of Annexin V-CF488A (x-axis) vs 7-AAD 

(y-axis). The statistic for each group (live or early apoptosis) were presented at the bottom 

of each plot. The fluorescence of the cells in replicate #1 was higher in the 7-AAD 

channel, than the second replicate (#2).  
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Figure A.4: CR2 expression was induced only in a small population of 24 h Notch 

activated Reh cells and detected on the AMNIS. 

Duplicates (#1 on the left column and #2 on the right column) were performed on Notch 

activated co-cultured Reh cells (A and B). The CR2 gate was determined using Reh cells 

stained with the IgG-PE isotype antibody (green line). The statistic for each group were 

presented at the bottom of each plot. Notch activated Reh cells were imaged and CR2-PE 

was detected by the AMNIS in both replicates (C and D). As a positive control, 

CR2-expressing mature B cells were stained with the same CR2 antibody (E). 
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“Success is the ability to go from one failure to another with no loss of enthusiasm” 

- Winston Churchill 




