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Abstract 

Complement receptor 2 (CR2/CD21) is an important surface receptor expressed 

predominantly on B cells which binds to several ligands such as complement activation 

fragments. This results in altered B cell activation and thus represents an important 

bridge between the innate and adaptive arms of the immune system. Multiple lines of 

evidence, at both the functional and genetic level, have demonstrated a role for CR2 in 

the development of a chronic autoimmune disease called systemic lupus erythematosus 

(SLE). However, the contribution of CR2 to the aetiology of SLE is not fully 

understood.  

CR2 sits within a gene cluster called the Regulators of Complement Activation (RCA), 

comprised of five other protein-coding genes (C4BPB, C4BPA, CD55, CR1 and CD46). 

The RCA is an exemplary gene cluster in that its members share structural and 

functional elements. In addition, members of the RCA cluster are tandemly arranged 

and co-localised in the human genome. While these early observations strongly indicate 

that members of the RCA gene cluster are likely to have emerged through gene 

duplication and thus share a close evolutionary relationship, it was not known if the 

proximity of these genes has been conserved for a biological purpose. Importantly, all 

genes in the RCA gene cluster have been shown to be involved in the development of 

autoimmune disease, and specific variants within CR2 and CR1 are associated with 

SLE. Whether related genes are also transcriptionally co-regulated or if SLE- associated 

variants in the RCA cluster affect expression of multiple genes is not clearly defined.  

Here, we characterised the structural and regulatory organisation of the RCA gene 

cluster and finely captured CTCF-mediated chromatin interactions more than 400 kb 

apart, including direct interactions between members of the RCA. We also note that the 

RCA gene cluster spans two topologically associated domains (TADs) which tangibly 

organise these related genes into two groups. Remarkably, the inter-TAD boundary was 

located within the body of a transcribed gene (CR1) at a large segmental duplication 

associated with SLE. We also identified several enhancer-gene interactions across the 

region and uncovered a novel intergenic enhancer (BEN-2). Using reporter gene assays 

and CRISPR deletion, we functionally demonstrated that BEN-2 regulates the 

transcription of its two adjacent RCA genes, CD55 and CR2, identifying the first long-

range regulatory element in the region and demonstrating for the first time that the RCA 

gene cluster is co-regulated. 
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Abstract (cont.) 

In addition to its role in the complement system, CR2 is the receptor for Epstein-Barr 

virus (EBV) into B cells. Intriguingly, EBV is also a strong environmental risk factor 

for SLE. CR2 was one of the first cell surface markers discovered to be upregulated by 

this virus. While specific viral transcription factors, such as EBV nuclear antigen 2 

(EBNA2), are involved in the dysregulation of CR2 expression, the underling 

mechanism by which this occurs has not been thoroughly explored. We critically 

interrogated regulatory elements controlling the transcription of CR2 using a co-

transfection reporter system. We found that both the CR2 promoter and enhancer BEN-

2 could be modulated by EBNA2. Using mutagenesis, we further demonstrated that 

EBNA2 targets the cellular transcription factor RBPJκ in the CR2 promoter. In addition, 

EBNA2 binding at BEN-2 is also likely to target RBPJκ and alters local chromatin 

conformation to further increase the transcription of CR2 in EBV infected B cells.  

Our critical interrogation of CR2 revealed that it is situated within complex 

transcriptional networks comprising of gene-gene and gene-environment interactions. 

We reveal novel mechanisms which may influence susceptibility to SLE.  Specifically, 

genetic variants within CR2 and other RCA cluster members may influence the 

expression of multiple genes in tandem or be dysregulated within the environmental 

context of EBV infection. In addition, we have provided insight into the RCA gene 

cluster at the evolutionary level. This work highlights the importance of thoroughly 

exploring the complex architecture of genes and gene clusters to fully understand their 

contributions to biology, disease aetiology and evolution.
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1.1 The complement system 

1.1.1 The innate and adaptive arms of the immune system are distinct but overlap 

At the forefront of human defence is the immune system and its legion of cells and 

proteins. The immune system is classically divided into two branches; innate and 

adaptive. The innate immune system comprises non-specific responses generated 

immediately or within hours of exposure to antigens. This response is triggered by 

recognition of broad molecular structures on the surface of pathogens called pathogen-

associated molecular patterns (PAMPs). PAMPs are usually conserved structures, such 

as polysaccharides and glycoproteins, that are shared by multiple pathogens, allowing 

the innate response to be broadly elicited1. In contrast, adaptive immunity is specific to 

an antigen and is gradually mounted after the initial exposure. While recognition 

molecules in the innate immune system are all encoded in their functional form in the 

germline genome, adaptive immunity is driven by the diverse expression of receptors 

generated through somatic recombination. A hallmark of the adaptive system is its 

ability to maintain cells expressing these immune receptors, generating immunological 

memory and enabling the host to mount a more efficient response upon subsequent 

exposure2. However, the innate and adaptive immune systems are not mutually 

exclusive. Many processes have been identified that are involved in both arms of 

immunity and mediate communication between the two; a critical element in the control 

and fine-tuning of the immune response3. One such example is the complement system. 

1.1.2 Complement activation is a complex, multistep process 

The complement system is a central player in innate immunity that is comprised of a 

network of interacting proteins. The complement cascade is activated through one of 

three pathways: classical (CP), lectin (LP) or alternative (AP) (Figure 1.1A)4,5. Each 

pathway is initiated by a distinct recognition molecule which binds to cognate PAMPs 

or damage-associated molecular patterns (DAMPs) on the surface of pathogens. The CP 

and LP are functionally similar. The CP is predominantly initiated by the binding of 

complement component C1q to complement-reactive protein, IgG or IgM complexes, 

while the LP is predominantly initiated by the binding of mannan-binding lectin (MBL) 

to carbohydrate residues (Figure 1.1A). In contrast, the AP is constitutively initiated 

through the spontaneous hydrolysis of complement component C3 in a process called 

‘tick-over’. This constant, low level of complement activation through the AP allows 

this system to undergo constant surveillance (Figure 1.1A)3. 
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Upon initiation, each pathway activates a unique set of complement components, but all 

pathways converge to form C3 convertase. There are two forms of C3 convertases 

generated by complement activation: classical (CP and LP) and alternative (AP) 

(Figure 1.1A). The initiation of CP and LP activates serine proteases (C1r and C1s for 

the CP, MBL-associated serine protease (MASP) for the LP) which cleave complement 

components C4 and C2, forming smaller subunits (C4a, C4b, C2a, C2b) and generate 

the classical C3 convertase complex (C4b2b). In the AP, ‘tick-over’ alters the 

conformation of C3, allowing association with factor D which cleaves factor B into 

subunits Ba and Bb, and form the alternative C3 convertase complex (C3bBb) (Figure 

1.1A)5.  

C3 convertase drives complement functions by catalysing the cleavage of complement 

component C3 to C3a and C3b (Figure 1.1B). C3b is a particularly important 

complement component as it amplifies complement response and mediates complement 

effector functions. C3b is a component of the alternative C3 convertase (C3bBb), and 

the generation of C3b creates an “amplification loop” which interacts with factor B to 

form additional C3bBb (Figure 1.1A). C3b can also bind to C3 convertase and generate 

the classical (C4b2b3b) and alternative C5 (C3bBb3b) convertases, which catalyse the 

cleavage of complement component C5 to C5a and C5b (Figure 1.1B). C5b binds with 

other complement components (C6-9) to form the membrane attack complex (MAC), 

which forms pores in the surface of pathogens to mediate cell lysis (Figure 1.1B). C5a 

and C3a are anaphylatoxins which mediate local inflammation (Figure 1.1B). C3b itself 

covalently binds to antigens (opsonisation) and is recognised by various receptors for 

immune cell clearance (Figure 1.1B)4,5. 

1.1.3 Complement is controlled by members of the Regulators of Complement 

Activation (RCA) gene cluster 

The potent effectors and constitutive activation of complement (through the AP) 

requires tight regulation to prevent over-amplified responses and damage to healthy 

cells4. Intertwined in the processes of regulating the complement system is a family of 

proteins encoded by the Regulators of Complement Activation (RCA) gene cluster 

(Figure 1.2A)6. This family includes C4b-binding protein (comprised of alpha 

(C4BPA) and beta (C4BPB) subunits), decay-accelerating factor (CD55, DAF), 

complement receptor 2 (CR2, CD21), complement receptor 1 (CR1, CD35), and 

membrane co-factor protein (CD46, MCP).
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Regulation of the complement system by the RCA members is predominantly mediated 

through two processes; decay-accelerating activity (DAA) or co-factor activity (CFA). 

DAA is the process by which the spontaneous dissociation of C3 convertases is 

accelerated (Figure 1.3A). CFA is the process by which C3b and C4b are 

proteolytically inactivated by factor I (FI), which requires the binding of a co-factor, 

preventing the formation of C3 convertase (Figure 1.3B). All RCA members (except 

for CR2, discussed in Section 1.1.3) possess DAA and/or CFA, targeting the classical 

and/or alternative convertases (Figure 1.1A), thereby preventing unnecessary 

complement activation in plasma and on tissues4,6.  

Within the human genome, the RCA members are clustered to a 750 kb region on 

chromosome 1q32.2 (Figure 1.2B). Each gene is tandemly arranged and oriented in the 

same direction, strongly supporting the hypothesis that members of this gene cluster 

share a close evolutionary relationship and arose as a result of gene duplication7. In 

addition to their function, the members of the RCA gene cluster also share other 

features. All members of the RCA gene cluster are composed of ‘bead-like’, tandemly 

repeated motifs known as short consensus repeats (SCRs) (Figure 1.2A)8,9. SCRs are 

composed of approximately 60 to 70 amino acids, including four invariant cysteine 

residues (I – IV) that form disulfide bonds between residues I-III and II-IV and fold 

each SCR into a triple-loop structure, vaguely resembling that of sushi (hence SCRs are 

also known as “sushi domains”)10. While all RCA members share the same structural 

motif, the number of SCRs they consist of varies between four (CD46 and CD55) to 44 

(CR1) (Figure 1.2A). In addition, each member is expressed in different major 

isoforms; soluble (C4 binding protein), glycosylphosphatidylinositol (GPI)-anchored 

(CD55) or transmembrane (CR2, CR1 and CD46) (Figure 1.2A).  

Please note that the RCA cluster has classically included complement factor H (CFH) 

due to early observations that it shares common structural and functional features6,11. 

However, the term ‘RCA gene cluster’ will be only designated for the aforementioned 

members throughout this thesis and will not include CFH. CFH is a soluble protein that 

is also composed of 20 SCRs. CFH regulates the AP of complement through both DAA 

and CFA (reviewed by Cserhalmi et al.12). However, CFH and the RCA gene cluster are 

located in two distinct regions of human chromosome 1, separated by more than 10 

Mb6,11. In addition, CFH is located in proximity to the genes encoding the CFH-related 

proteins (CFHR1, CFHR2, CFHR3, CFHR4 and CFHR5), representing a distinct gene 

cluster12. This distinction has also been recognised by others13.
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Figure 1.3: RCA gene cluster members possess decay accelerating activity (DAA) and/or co-factor 

activity (CFA) to control complement activation. 

A. RCA gene cluster members, such as CD55, possess DAA. This process accelerates the rate at which 

C3 convertases disassociate into their components. For example, the alternative C3 convertase 

(C3bBb) dissociates into C3b and Bb. 

B. Other members of the RCA gene cluster, such as CD46, possess CFA. This provides the co-factor to 

facilitate the permanent inactivation and cleavage of C3b into iC3b and C3f by factor I. RCA 

members CR1 and C4BP also possess both DAA and CFA.
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The structure, function and role of each of the RCA members has been individually 

reviewed in detail14-18. Importantly, in addition to their role in complement regulation, 

the RCA members also have diverse functions in other immunological pathways and 

thus represent important bridges between the innate complement system and adaptive 

immune responses14-18. 

1.1.3.1 C4b binding protein alpha and beta (C4BPA and C4BPB) 

C4BP is a soluble protein composed of ɑ and β subunits, which possess eight and seven 

SCRs, respectively. The major form of C4BP consists of seven identical ɑ-chains and a 

single β-chain19, linked together by disulphide bridges at their C-terminus and arranging 

the protein into a ‘spider-like’ structure20 (Figure 1.2A). In the complement system, 

C4BP is a major inhibitor of the classical and lectin pathways through the binding of 

C4b14. C4BP is also a co-factor in the factor I-mediated inactivation of classical C3 

convertase (C4bC2a) and fluid-phase C3b (AP), as well as DAA for C3 convertase 

(Figure 1.1A). In addition, C4BP binds proteins located within the extracellular matrix, 

plasma and amyloids. It has also been shown that C4BP can bind to CD40 on germinal 

centre B cells, activating them through a mechanism similar to its ligand, CD40L 

(CD154), expressed on helper T cells21,22. 

1.1.3.2 Decay-accelerating factor (CD55) 

CD55 is a GPI-anchored protein that is widely expressed. A soluble form of CD55 has 

also been identified in plasma, urine, saliva and synovial fluid23, but the GPI-anchored 

CD55 is regarded as the major form of this molecule. CD55 inhibits early complement 

activation on cell surfaces, primarily through the decay-acceleration of classical C3 

convertase. This molecule also inhibits complement activation by preventing the 

assembly of the alternative C3 convertase. CD55 has been shown to bind the epidermal 

growth factor (EGF) seven span transmembrane receptor CD97, which itself is broadly 

expressed across cell-types24. Binding of CD55 and CD97 has been demonstrated to 

activate CD4+ T cells25. CD55 is highly expressed on B cells and has been shown to be 

downregulated on the surface of germinal centre (GC) B cells to prime them for 

phagocytosis26. 

1.1.3.3 Membrane co-factor protein (CD46) 

CD46 is a type I transmembrane glycoprotein composed of four SCRs that is expressed 

on the surface of all cell types except erythrocytes17. CD46 possesses CFA for both C4b 

and C3b, and can thus target both classical and alternative convertases. In addition to its 
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role in complement regulation, CD46 has a physiological role in fertilisation, mediating 

egg-sperm fusion27. CD46 has been widely investigated in T cells, where it is known to 

be involved in T cell functioning. For example, CD46 was shown to control T cell 

activation as a co-stimulatory molecule with CD3 (a component of the T cell receptor 

complex)28 and induce differentiation of CD4+ T cells into regulatory T (Treg) cells29. 

The function of CD46 in B cells is not well understood. Fuchs et al. did not observe 

differences in proliferation or antibody production upon the activation of CD46 on the 

surface of B cells. However, they showed that CD46-activated T cells strongly support 

B cell activation and thus CD46 may have an indirect role in B cell function30. 

1.1.3.4 Complement receptor 1 (CR1) 

CR1 is a widely distributed surface receptor that possesses numerous functions. Like 

CD46, CR1 is a single chain, type I transmembrane glycoprotein. Multiple forms of 

CR1 containing different numbers of SCRs exist as the result of four co-dominant 

alleles of the CR1 gene. These alleles were named in order of their discovery31-33; CR1-

A, CR1-B, CR1-C and CR1-D, which contain 30, 37, 23 and 44 SCRs, respectively. 

CR1 plays a regulatory role in the complement system, functioning as a co-factor in the 

inactivation of C3b by factor I and possessing decay-accelerating activity for both C3 

and C5 convertases6. On erythrocytes, CR1 interacts with complement proteins C3b and 

C4b, which bind to immune complexes and foreign particles, allowing them to be 

processed and transported to the liver and spleen for clearance34. CR1 also has a role in 

modulating adaptive immunity by directly inhibiting both T and B cell activation and 

proliferation35-37.  

1.1.3.5 Complement receptor 2 (CR2) 

CR2 is a single chain transmembrane receptor (Figure 1.2A) which is predominantly 

expressed on the surface of B cells, but is also expressed on other cells such as follicular 

dendritic cells (FDC) and peripheral T cells (both CD4+ and CD8+)38-41. CR2 is 

expressed as one of two isoforms as the result of alternative splicing of exon 11, altering 

the number of SCRs contained in the extracellular domain of the receptor and hence its 

function42. These isoforms exhibit cell-specific expression patterns; FDCs selectively 

express the long isoform (16 SCRs), while B cells selectively express the short isoform 

(15 SCRs)43. CR2 binds to interferon-ɑ (IFN-ɑ)44,45, CD2346 and the Epstein-Barr virus 

(EBV)47. CR2 also forms a complex with CR148.  
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CR2 is a unique member of the RCA cluster in that it neither possesses DAA or CFA, 

nor has a direct role in complement regulation. Rather, CR2 binds to C3b degradation 

fragments (C3d, C3dg and iC3b) deposited on antigens on the surface of B cells, 

influencing B cell activation and the B cell response49,50.  

1.1.4 CR2 forms a bridge between the innate complement system and adaptive B cell 

response 

B cell activation is initiated upon the recognition of antigen through the B cell receptor 

(BCR). This results in B cell proliferation and differentiation into either plasma cells, 

which secrete antibodies that specifically target the initial antigen, or memory B cells, 

which are long-lived and provide immunological memory. The process of B cell 

activation is tightly regulated to prevent inappropriate antibody responses51.  

On B cells, CR2 forms part of a trimolecular complex, along with CD19 and CD81, 

which crosslinks with BCR upon the recognition of C3b fragments by CR252 (Figure 

1.4). The crosslinking of the BCR with CR2 results in enhanced release of intracellular 

Ca2+, the recruitment of spleen tyrosine kinase (Syk), and the phosphorylation of the 

cytoplasmic tail of CD19 (Figure 1.4)53,54. The binding of CR2 to C3b degradation 

products has been shown to decrease the threshold required for B cells to become 

activated by up to 10,000-fold55. This amplifies B cell proliferation and signalling, and 

represents an important link between the innate complement system and the adaptive B 

cell response56. Given this significant role, it follows that alterations to CR2 expression 

on B cells may be implicated in aberrant immune processes. Indeed, CR2 is a strong 

candidate gene for the autoimmune disease, systemic lupus erythematosus (SLE).
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1.2 Systemic lupus erythematosus 

1.2.1 SLE is a highly heterogeneous autoimmune disease 

SLE is a chronic autoimmune disease that can affect almost all organ systems in the 

body, leading to a wide range of clinical manifestations and co-morbidities57,58. The 

severity and course of the disease varies from mild to severe between patients, 

unpredictably cycling through periods of flare and remission. Most commonly, patients 

with SLE present with a butterfly-shaped rash (malar rash), arthritis, neuropathy and 

haematological problems (such as thrombocytopaenia and anaemia), but complications 

can also ensue in nearly all body systems59. A hallmark of the disease is the formation 

of autoantibodies, directed toward nuclear antigens. Specifically, double-stranded DNA 

autoantibodies are present in approximately 90% of SLE patients60. These 

autoantibodies can be detected years before disease onset61. Immune cell dysfunction, 

aberrant inflammatory responses and autoantibody-mediated damage are thought to be 

collectively involved in the progression of the disease57,58. 

Given the large clinical variability exhibited by SLE patients, defining and diagnosing 

the disease has remained a challenge. Classification criteria for SLE developed by the 

American College of Rheumatology, which are adopted worldwide, have been revised 

three times over the past 40 years62-64. In the most recent revision in 201962, the SLE 

classification has been defined by 21 criteria, covering a range of clinical and laboratory 

features (Table 1.1). A classification of SLE is determined by meeting a threshold value 

based on a weighted score across these criteria62. While a diagnosis of SLE can be made 

based on these criteria, it is complicated by overlapping symptoms and features 

observed in other autoimmune diseases, such as rheumatoid arthritis (RA), Sjögren’s 

syndrome (SjS) and systemic sclerosis (SSc)65. As such, a diagnosis for SLE can be 

delayed by years from the onset of symptoms66,67.  

1.2.2 SLE is a complex disease with a strong genetic component 

Although the aetiology of SLE is not completely characterised, it is known that the 

disease has a complex pathogenesis involving both genetic and environmental risk 

factors. SLE has a strong genetic component, with an estimated heritability of 66%68. 

This is also reflected by the unequal proportion of affected females to males (ratio of 

9:1) and its varying prevalence across different ethnic groups69-71. There is also a high 

concordance rate for SLE in both monozygotic (24-57%) and dizygotic (2-5%)72,73 

twins, and high frequency of familial segregation74. 
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Early findings that genetic complement deficiencies were strongly associated with SLE 

development provided clear evidence for the contribution of genetics in the 

manifestation of this disease. Although rare, 90% of patients with homozygous 

deficiencies of C1q, the molecule which activates the CP of complement, develop SLE, 

usually at an earlier age and with more severe symptoms75,76. Indeed, recent case studies 

have shown that restoration of C1q can successfully ameliorate the disease pathology in 

these SLE patients77,78. Deficiencies in other components of the CP (C1r, C1s, C2 and 

C4) can also result in SLE, but have lower disease penetrance (ranging between 2% to 

60%)79.  

Like many complex traits and diseases, genome-wide association studies (GWAS) have 

been widely used to investigate SLE. Thus far, more than 100 risk loci for the disease 

have been identified, highlighting important pathways implicated in the progression of 

SLE including the development of self-antigens and immune complexes, as well as the 

innate and adaptive immune response80. These risk loci have also shown utility in 

deriving polygenic risk scores (PRS) in SLE and other systemic autoimmune diseases 

such as SS81-83. PRS quantitatively determine the potential risk of complex diseases or 

disease outcomes and are of interest in the push towards precision medicine in health83. 

Despite the increasing understanding of the pathogenesis of SLE and its current 

potential clinical utility, full understanding of the mechanism of the disease remains 

elusive.  

Indeed, the ‘missing heritability’ of complex diseases, like SLE, has been widely 

acknowledged; risk loci identified through GWAS only explain a small proportion of 

disease heritability84. It is estimated that only around 30% of the heritability of SLE has 

thus far been uncovered85. Several possible explanations have been proposed for 

missing heritability. GWAS is founded on the “common disease, common variant” 

hypothesis; that is, the combination of several common genetic variants each 

contributing modestly to disease risk86. However, missing heritability may be explained 

by the presence of rare variants with larger effects or larger variants, such as copy 

number variation. These variants are difficult to detect in GWAS without substantially 

large cohort sizes. In addition, part of missing heritability could be explained by 

epistasis or gene-gene interactions. GWAS assumes that loci function independently 

and their effects are additive, but this is unlikely to be valid biologically. Additionally, 

part of missing heritability may be explained by gene-environment interaction; the 

effect of environmental exposures varies between individuals with different genotypes. 
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The number of GWAS that incorporate this additional information has been limited to a 

few phenotypes, but remains a very important area of investigation87. 

1.2.3 EBV is a major environmental risk factor for SLE 

Numerous environmental factors predisposing individuals to SLE have been identified, 

such as exposure to silica, oral contraceptives and cigarette smoking. However, these 

associations vary greatly in the level and quality of supporting evidence88. In contrast, 

Epstein-Barr virus (EBV) has been repeatedly shown to be an environmental risk factor 

for SLE at the observational and genetic level89.  

EBV is a widely disseminated γ-herpesvirus that maintains a lifelong, latent infection in 

B cells which can occasionally reactivate90. The primary infection of EBV occurs in the 

oropharynx where EBV infects B cells by binding to CR247. This drives the activation 

of B cells, which in turn express viral genes allowing for its replication and to promote 

its infection. EBV-infected cells can be eliminated by the immune system, however 

cells can evade immune surveillance and remain latent for the lifetime of the host90.  

EBV is well known to be the cause of infectious mononucleosis, but its role in cancers 

(eg. Hodgkin’s lymphoma, diffuse large B cell lymphoma and nasopharyngeal 

carcinoma)91 and primary immune deficiencies92 has also been widely recognised. More 

recently, EBV has been shown to have an important role in the aetiology of complex 

diseases, such as multiple sclerosis (MS) and SLE. In a seminal longitudinal study, 

Bjornevik et al. examined a cohort of over 10 million individuals over a 20-year period 

and found that the risk of MS increased 32-fold with EBV infection, suggesting that 

EBV is a leading cause of MS93. No such prospective investigation has been performed 

for SLE thus far. However, numerous serological, immunological and genetic studies 

have been conducted demonstrating a major role for EBV in the development of SLE.  

Please note that this section will focus on the evidence for the association between SLE 

and EBV. The biology of EBV and EBV infection of B cells will be reviewed in greater 

detail in Chapter 5. 

1.2.3.1 Autoantibody production and serological markers 

EBV infection inherently promotes autoantibody production, as demonstrated in 

patients that develop infectious mononucleosis94,95. EBV infection has also been 

specifically linked to autoantibody production in SLE patients through molecular 

mimcry. Patients with SLE commonly express nuclear antibodies anti-Ro and anti-Sm 
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autoantibodies, both of which have been shown to cross-react with EBV nuclear antigen 

1 (EBNA1)96,97.   

An association between SLE and EBV has been shown through numerous case-control 

studies examining serological markers of EBV infection, such as viral capsid antigen 

(VCA) IgG, early antigen (EA) IgG, and viral DNA load89,98,99. Notably, EBV infection 

increased the risk of SLE by almost 50-fold in children, where EBV infection is not as 

wide-spread relative to adult populations100. As patients with SLE have higher levels of 

serological markers for EBV infection, the infection of EBV and its reactivation is an 

important factor in the development of SLE. The reactivation of EBV has been shown 

to be, in part, due to the defective immune surveillance processes involved in 

maintaining EBV latency, including T cells101 and cytokine production102. Importantly, 

the number of latently infected B cells and the viral load in these cells correlate with 

SLE disease activity, demonstrating that defective control of latent EBV infection has a 

role in the course of the disease103,104. 

1.2.3.2 Genetic factors influencing EBV infection and reactivation 

The genetic factors that influence EBV infection and reactivation are of considerable 

interest in research into EBV and SLE. An early retrospective analysis of SLE family 

members showed that affected members have significantly increased serological 

markers for EBV reactivation (VCA and EA IgG) compared to unaffected relatives, 

suggesting that genetics may be involved in increasing the susceptibility of individuals 

to EBV reactivation105. This study also examined single nucleotide polymorphisms 

(SNPs) associated with SLE in genes involved in EBV infection, including CD40 

(signalling receptor supporting viral persistence), IL10 (promotes B cell survival) and 

CR2 (binding receptor for EBV), and identified that these were also associated with 

EBV reactivation105. However, only a select number of SNPs in these SLE-associated 

genes were examined in this study and GWAS have thus far identified more than 100 

risk loci involved in the disease80.  Remarkably, EBV nuclear antigen 2 (EBNA2), a key 

viral transcription factor involved in maintaining EBV latency, has been shown to bind 

to a substantial proportion of SLE risk loci identified from GWAS, suggesting that 

EBNA2 plays an important role in the aetiology of SLE, highlighting an intriguing 

gene-environment interaction to explore106. 
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1.3 CR2 is a strong candidate gene for SLE 

As CR2 expression on B cells plays an important role in regulating immunity as a 

bridge between innate and adaptive immune response, it follows that CR2 is a strong 

candidate gene for SLE. 

1.3.1 CR2 expression is altered in SLE patients and mouse models 

The strong link between CR2 and SLE susceptibility has been demonstrated across 

numerous functional studies. Notably, CR2 expression on B cells from SLE patients is 

approximately 50% lower than healthy controls107-109. A similar phenotype was also 

exhibited in the MRL/lpr lupus mouse model. In these mice, CR2 expression was 

observed to be decreased prior to the onset of lupus symptoms. This has led to 

suggestions that CR2 contributes to disease by reducing the efficiency of immune 

complex removal containing self-antigens, thus resulting in autoimmunity110.  

1.3.2 Genetic variants in CR2 are associated with SLE 

At the genetic level, early linkage analyses in SLE mouse models identified three 

genomic regions (Sle1, Sle2 and Sle3) linked to the disease111. Using congenic 

dissection, it was shown that these genomic regions individually resulted in distinct 

phenotypes; Sle1 triggered loss of tolerance to chromatin and mediated production of 

nuclear autoantibodies, while Sle2 and Sle3 caused dysregulation of B and T cell 

responses. However, only Sle1 was essential for the development of the disease112-114. 

This genomic region was found to be syntenic to human chromosome 1q31-42 which 

was previously linked to SLE susceptibility, providing additional evidence of its 

involvement in the disease115,116. The Sle1 region was further dissected into smaller, 

non-overlapping intervals (Sle1a, Sle1b and Sle1c), which were each found to 

independently contribute to the Sle1 phenotype and development of SLE117. 

Specifically, a non-synonymous mutation in Cr2 (the murine gene encoding CR2) was 

found to alter the ligand binding domain of CR2 and ultimately contribute to the disease 

phenotype117,118. 

 Several SNPs within CR2 have been found to associate with SLE in human association 

studies. These SNPs have all located to non-coding regions of CR2 and the functional 

role for the majority of these variants has been investigated (Table 1.2). Notably, Wu et 

al. identified a three SNP haplotype that conferred a 1.5-fold increased risk of 

development of SLE119. These SNPs were subsequently found to functionally alter the 

local chromatin features of the 5’ untranslated region (UTR) of CR2 or to modulate the 
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alternative splicing of CR2 mRNA120,121 (Table 1.2). Zhao et al. performed a large SLE 

association study across four ethnic groups and identified a SNP in the first intron of 

CR2 (rs1876453) strongly associated with SLE (Table 1.2)122. Interestingly, functional 

analyses of this SNP showed that expression of CR1, the neighbouring downstream 

gene, was altered in B cells, but CR2 was not. This finding indicated that CR2 and CR1 

may be either interacting or regulated via a common mechanism122.  

1.3.3 Other RCA cluster members have a role in the development of SLE 

Like CR2, the expression of other RCA cluster members has been shown to be 

significantly altered in SLE patients compared to healthy controls (Table 1.3). This has 

been demonstrated across several immune cell types as well as sera (Table 1.3). While 

some of these associations have predominantly been validated through a single study, 

findings have been replicated across more than two independent investigations into the 

expression of RCA members on leukocytes, erythrocytes and B cells (Table 1.3). 

Notably, the expression of CD55, CR2 and CR1 on B cells has been consistently shown 

to be lower in SLE patients compared to healthy controls107,108,126,127. In addition, 

genetic variants within CR1 and CD46 are also associated with SLE or to exacerbate 

symptoms of the disease (Table 1.2)123,124,128-130. However, the mechanism by which 

disease-associated variants within CR2 and CR1 alter biological processes remains 

unclear, including rs1876453 in intron 1 of CR2 and an 18 kb copy number variant 

within CR1 (Table 1.2)122,123. Given that CR2 and the RCA gene cluster share a close 

evolutionary relationship7,131, it is possible that these genes may be co-regulated by a 

common mechanism. 

1.3.4 CR2 expression is dysregulated by EBV 

In addition to its role in complement, CR2 is the receptor for EBV binding on B cells47. 

It was one of the earliest cellular receptors investigated and shown to be dysregulated by 

EBV on B cells. CR2 expression is increased on B cells upon EBV infection, potentially 

to enhance the ability of EBV to bind to the cell132. The observation that CR2 also plays 

a direct role in EBV infection, a major environmental risk factor for SLE, is highly 

intriguing and links together two important SLE risk factors. However, the mechanism 

by which EBV dysregulates CR2 expression is poorly characterised.
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1.4 Project objectives 

CR2 is a strong candidate gene for SLE susceptibility with an important role in 

immunity and EBV infection. Most notably, CR2 is located within the RCA gene 

cluster. Each member of the RCA gene cluster has been individually investigated 

extensively and demonstrated to be involved in the progression of SLE. Understanding 

how CR2 and the RCA gene cluster are regulated is essential to determine how disease-

associated genetic variants and environmental risk factors contribute to its altered 

expression in SLE.  

This project will primarily focus on investigating the structural and long-range elements 

regulating CR2 and the RCA gene cluster, defining key regulatory factors and 

investigating how these are dysregulated in the B cell context. Specifically, this project 

aims to: 

1. Determine the three-dimensional genome organisation of the RCA gene cluster 

(Chapter 3) 

2. Identify and characterise long-range enhancer elements in the RCA gene cluster 

(Chapter 4) 

3. Investigate the transcriptional mechanisms involved in the upregulation of CR2 

by EBNA2 in B cells (Chapter 5)  
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Materials and Methods 
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2.1  Materials 

2.1.1 Antibodies 

Antibodies were purchased for chromatin immunoprecipitation (ChIP), flow cytometry 

and Western blot at the appropriate grade for each application. A list of antibodies used 

is provided in Table 2.1. 

2.1.1 Chemicals, commercial kits and reagents 

All chemicals used were laboratory grade purity at minimum and analytical grade 

chemicals were used where appropriate. Commercially purchased kits are listed in 

Table 2.2. Reagents and enzymes used are listed in Table 2.3.
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2.2 Bacterial cell culture 

2.2.1 Cell culture conditions 

Recombinant cloning was performed using chemically competent DH5ɑ-T1R 

Escherichia coli (E. coli) cells (Thermo Fisher Scientific). Bacterial cells were cultured 

in Luria-Bertani (LB) media (1% (w/v) Bacto™️ Tryptone, 0.5% (w/v) yeast extract and 

1% (w/v) NaCl) supplemented with 100 µg/mL ampicillin sodium salt for selection. LB 

agar (LB media and 1.5% (w/v) Bacto™️ agar) was used where a semi-solid medium 

was required. Plates were sealed and stored at 4°C out of direct light and pre-warmed to 

37°C for 1 h prior to use. 

2.2.2 Transformations 

Bacterial cells were gently thawed on ice and aliquoted into pre-chilled 1.5 mL 

microfuge tubes. Plasmid DNA (50 ng) was added to each aliquot and incubated on ice 

for 30 min. Cell mixtures were heat shocked at 42°C for 45 s then immediately placed 

on ice. To maximise transformation efficiency, 0.5 mL Super Optimal broth with 

Catabolite repression (SOC) media (2% (w/v) Bacto™️ Tryptone, 0.5% (w/v) yeast 

extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose) was added to the 

cell mixtures and incubated at 37°C for one hour with shaking (225 rpm). After 

incubation, cells were spread onto a selective LB agar plate and incubated at 37°C for 

16 h.  

2.2.3 Preparation of bacterial cells 

Bacterial cells were plated on a non-selective LB agar plate. A single colony was picked 

to inoculate 5 mL LB media and culture was incubated at 37°C with shaking (225 rpm). 

This culture was used to inoculate 50 mL Solution A (LB media, 10 mM MgSO4, 0.2% 

glucose (w/v)). Cultures were incubated at 37°C with shaking (225 rpm) for 6 – 8 h 

until reaching OD600 0.6. Cultures were cooled on ice for 10 min and centrifuged at 

3000 × g for 10 min at 4°C. Bacteria were resuspended in 0.5 mL pre-cooled Solution A 

and 2.5 mL Solution B (LB media, 36% (v/v/) glycerol, 12% (w/v) PEG, 12 mM 

MgSO4), aliquoted and stored at -80°C. 
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2.3 Mammalian cell culture 

2.3.1 Cell lines 

Cell lines Raji (CCL-86), Ramos (CRL-1596), Daudi (CCL-213), Reh (CRL-8286), 

SKW (TIB-215), K562 (CCL-243), and HepG2 (HB-8065) were obtained from the 

American Type Culture Collection (ATCC) (Virginia, US). Primary human B cell lines 

(B-0028 and B-0056) were kindly provided by Prof. Susan Boackle (University of 

Colorado, USA) which were obtained from healthy donors and immortalised by EBV 

infection122. 

2.3.2 Cell culture conditions 

Cell cultures were maintained in filtered top culture flasks (Sarstedt) at 37°C with 5% 

CO2. Cell density and viability were determined using the Trypan blue exclusion 

method147. In brief, a haemocytometer chamber was filled with a 1:1 dilution of cell 

suspension and 0.4% Trypan blue (Sigma-Aldrich). Non-viable cells were distinguished 

by blue staining and were excluded from cell counts.  

2.3.2.1 Suspension cell lines 

Suspension cell lines were cultured in complete growth medium comprised of RPMI-

1640 with L-glutamine (Thermo Fisher Scientific) supplemented with 10% (v/v) heat-

inactivated foetal bovine serum (FBS) (Thermo Fisher Scientific) and 100 µg/mL 

penicillin and 100 ng/mL streptomycin (Thermo Fisher Scientific). Cryopreserved 

Daudi cells were initially brought up with RPMI-1640 supplemented with 20% (v/v) 

heat-inactivated FBS, then cultured with complete growth medium comprised of 10% 

(v/v) FBS. Cells were assessed every two to three days, and cultures were maintained in 

the mid-log phase of growth (1 × 105 to 1 × 106 cells/mL). 

2.3.2.2 Adherent cell lines 

Adherent cell lines were cultured in complete growth medium comprised of low glucose 

DMEM with sodium pyruvate and L-glutamine (Thermo Fisher Scientific) 

supplemented with 10% (v/v) heat-inactivated FBS, and 100 µg/mL penicillin and     

100 ng/mL streptomycin. Cell culture media was changed every three to four days, and 

cells were passaged at 70 – 90% confluency. To passage adherent cell lines, growth 

media was removed and cells were washed with 1X DPBS. Trypsin-EDTA (0.05%) was 

added to the culture and incubated at 37°C for 2 min or until ≥ 90% cells had detached. 

Trypsin was inhibited by adding two volumes of complete growth media (containing 
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FBS). Cells were pelleted by centrifugation at 300 × g for 5 min and resuspended in 

fresh complete growth media for further culture. 

2.3.3 Cryopreservation and resuspension 

Cells were cultured to a maximum density of 8 × 105 cells/mL in complete growth 

medium. Cells were harvested by centrifugation at 300 × g for 5 min at 4°C and 

resuspended in cryopreservation media (70% (v/v) complete growth media, 20% (v/v) 

FBS, 10% (v/v) DMSO) to a density of 4 × 106 cells/mL. Cell suspensions (1 mL) were 

aliquoted into polypropylene cryovials and cooled at a rate of 1°C/min in a Mr. 

Frosty™️ freezing container (Thermo Fisher Scientific) to -80°C before being 

transferred to liquid nitrogen for long-term storage. 

To reanimate cryopreserved cells, vials of cell suspensions were rapidly thawed at 37°C 

for 1 min. Cells were diluted 1:10 in pre-warmed complete growth media and 

centrifuged at 300 × g for 5 min. Cell pellets were resuspended in 5 – 10 mL complete 

growth media and transferred to a filter top culture flask for further culture. 



 

 50 

2.4 Nucleic acid purification and analysis 

2.4.1 Genomic DNA purification 

Genomic DNA (gDNA) was isolated using the QIAamp® DNA Blood Mini Kit 

(QIAGEN) following protocol specifications for cultured cells. Approximately 5 × 106 

cells were collected per extraction. Cells were harvested by centrifugation at 300 × g for 

5 min, and the resulting cell pellet was resuspended in 200 µL DPBS to proceed with 

gDNA extraction. 

2.4.2 Plasmid DNA purification 

For small-scale plasmid DNA purification, single colonies of transformed bacterial cells 

were used to inoculate 4 mL LB media supplemented with 10 μg/mL ampicillin. 

Bacterial cultures were incubated at 37°C for 16 h with shaking (225 rpm). Cells were 

harvested by centrifugation at 4000 × g for 10 min at 4°C. Plasmid DNA was purified 

using the QIAprep® Mini Kin (QIAGEN) according to the manufacturer’s 

specifications.  

For large-scale plasmid DNA purification, single colonies of transformed bacterial cells 

were used to inoculate starter cultures (4 mL LB media and 10 μg/mL ampicillin). 

Starter cultures were incubated at 37°C for 16 h with shaking (225 rpm). Between      

0.2 – 4 mL of starter culture was used to inoculate 100 mL LB media supplemented 

with       1 mg/mL ampicillin. Cultures were incubated at 37°C for 16 h with shaking (60 

rpm). Bacterial cells were harvested by centrifugation at 4000 × g for 30 min for 30 min 

at 4°C. Plasmid DNA was purified using the EndoFree® Plasmid Maxi Kit (QIAGEN) 

according to the manufacturer’s specifications. Final DNA pellets were suspended in 50 

– 150 µL endotoxin-free TE buffer (QIAGEN). 

2.4.3 Total RNA purification 

Total RNA was extracted from cultured cells using the RNeasy Mini Kit (QIAGEN) 

with on-column DNase I treatment (QIAGEN) as per the manufacturer’s specifications. 

2.4.4 Preparation of primers for PCR and qPCR 

Oligonucleotides (primers) were obtained from Sigma-Aldrich (Australia) desiccated 

and desalt purified. Primers for PCR were resuspended in sterile ddH2O to a 

concentration of 100 µM with aliquots further diluted to a working concentration of    

10 µM and stored at -20°C.  
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2.4.5 Polymerase chain reaction (PCR) 

Target DNA sequences were amplified using GoTaq® Green Master Mix. DNA (50 ng) 

was amplified using 1X GoTaq® Green Master Mix (Promega), 0.8 µM primers 

(forward and reverse), 5% DMSO and ddH2O up to a volume of 20 µL. Reactions were 

cycled as follows: 95°C for 5 min, followed by 30 cycles of 95°C for 30 s, 61°C for    

18 s, 72°C for 5 s, and a final extension at 72°C for 5 min.  

For cloning, target DNA sequences were amplified using Q5® Hot-Start High-Fidelity 

polymerase (NEB) to minimise sequence amplification errors. Genomic DNA (50 ng) 

was amplified using 0.02 U Q5® Hot-Start High-Fidelity polymerase (NEB), 1X Q5® 

Reaction Buffer (NEB), 0.5 µM primers (forward and reverse), 200 µM dNTPs and 

ddH2O up to a volume of 20 µL. Cycling conditions were optimised for each reaction 

based on primer specifications and amplicon length as follows: 98°C for 30 s, followed 

by 30 cycles of 98°C for 10 s, between 66°C to 68°C for 30 s, 72°C for 30 s/kb, and a 

final extension at 72°C for    2 min. No template controls (NTC) were included to 

ensure reagents were free from contamination. After gentle mixing and brief 

centrifugation, samples were cycled using a Bio-Rad CT1000™️ thermal cycler (Bio-

Rad, Australia). 

2.4.6 Quantitative PCR 

RNA was reverse transcribed into cDNA using SuperScript III VILO reverse 

transcriptase (Thermo Fisher Scientific) and diluted with UltraPure dH2O (Thermo 

Fisher Scientific). qPCR reactions comprised 1X SYBR Green No-Rox (Bioline),    

0.25 µM primers (forward and reverse), 2 µL diluted cDNA and ddH2O up to a volume 

of 10 µL. Cycling and analysis were conducted using a Mic qPCR cycler (BioMolecular 

Systems) with the following conditions: 95°C for 10 min, and 35 to 45 cycles of 95°C 

for 15 s, 60°C for 15 s and 72°C for 15 s. Melt curve analyses were used to confirm 

specific amplification of targets. Relative mRNA expression levels were calculated 

using the comparative Ct method and normalisation to β-actin housekeeping gene. 

qPCR primers used are listed in Table 2.4. 

2.4.7 Sanger sequencing 

Samples were submitted to the Australian Genome Research Facility (AGFR) for 

Sanger sequencing. For sequencing, each DNA sample (1 µg purified plasmid DNA or 

6 – 8 ng purified PCR amplicons) was submitted with 1 µL sequencing primer (10 µM) 

and ddH2O up to a volume of 12 µL. Sequencing primers used are listed in Table 2.4.  
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2.4.8 Agarose gel electrophoresis 

Integrity, size and relative concentration of nucleic acids and PCR products were 

assessed using agarose gel electrophoresis. Agarose gels were prepared by dissolving 

1% (w/v) analytical-grade agarose (Bioline) in TAE buffer (40 mM Tris-acetate, 2 mM 

EDTA, pH 8.0) and 0.5 µg/mL ethidium bromide fluorescent dye (Sigma-Aldrich). 

Nucleic acid samples were loaded with 1X SDS-free purple gel loading dye alongside a 

DNA molecular size marker. Samples were electrophoresed using a Bio-Rad horizontal 

gel apparatus (Bio-Rad) at a constant voltage of 110 V for up to 1 h. Nucleic acids were 

visualised by ultraviolet (UV) excitation using the ChemiDoc XRS+ Imager (Bio-Rad). 

2.4.9 Restriction enzyme digestion 

DNA (1 – 3 µg) was digested with 10 – 20 U restriction enzyme (RE), 1X RE buffer 

and ddH2O up to a final volume of 20 µL, incubated at 37°C for 1 – 3 h. 

2.4.10 Gel extraction 

Digested plasmid DNA samples for gel extraction were run on a 1% (w/v) agarose gel 

with 1X SYBR Safe DNA Gel Stain (Thermo Fisher Scientific) alongside an undigested 

sample. Samples were visualised using a Safe Imager™️ 2.0 Blue-Light 

Transilluminator (Thermo Fisher Scientific) and the fragment of interest was carefully 

excised using a sterile surgical blade. DNA was purified from the gel using the 

QIAquick® Gel Extraction Kit (QIAGEN). 

2.4.11 Preparation of oligonucleotides for cloning 

Complementary oligonucleotides (oligo) for generating short, double-stranded DNA 

(dsDNA) fragments for cloning were resuspended in 1X annealing buffer (10 mM Tris-

HCl (pH 7.5), 1 mM EDTA, 100 mM sodium chloride) to a concentration of 100 µM. 

Reactions were set up to anneal and phosphorylate complementary oligos with 10 µM 

forward oligo, 10 µM reverse oligo, 1X T4 DNA Ligase Reaction buffer (NEB), 10 U 

T4 Polynucleotide Kinase (PNK) (NEB) and ddH2O up to a volume of 20 µL. Reactions 

were incubated as follows: 37 °C for 30 min, 95 °C for 5 min, then ramped down to 

25°C at 5°C/min. Synthesised dsDNA fragments were diluted 1:20 and stored at -20 °C. 

2.4.12 Spectrometry 

Nucleic acid samples were analysed using a Nanodrop ND-1000 spectrophotometer 

(Thermo Fisher Scientific). Concentrations of nucleic acid samples were determined 

from the absorbance reading at 260 nm. Purity was assessed from the A260/280 ratio.  
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CHAPTER 3 

The RCA gene cluster is divided into 

two TADs by an intragenic boundary 

within CR1 
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3.1 Introduction 

3.1.1 TADs are functional units of the genome 

Gene expression is controlled at different three-dimensional levels (Figure 3.1). Within 

the nucleus of interphase cells, DNA is compacted into chromosomes non-randomly 

positioned into distinct territories.  Gene-poor chromosomes are positioned in the 

heterochromatic periphery whereas active, gene-rich regions of chromosomes are 

positioned in the centre of nuclei or closer to the bulk of the chromosome territory148. At 

the megabase scale, individual chromosomes fold into distinct physical domains called 

topologically associated domains (TADs). These structures constrain chromatin 

interactions (chromatin loops) within their bounded region and insulate them from other 

TADs (Figure 3.1A)149,150. Chromatin looping within TADs bring distal regulatory 

elements, such as enhancers, and their target gene/s into physical proximity, thus 

demarcating genes into functional, co-regulatory units151.  

However, while genes within a TAD can possess a coordinated gene expression profile, 

TADs do not necessarily affect all genes in the same manner and only a small subset of 

genes may be co-regulated within a TAD (Figure 3.1A)152. A sub-class of smaller 

TADs called “sub-TADs” have also been recognised153,154. Whether TADs and sub-

TADs are biologically distinct has been heavily debated and their definitions have 

evolved over time152,155. A consistent and well-accepted difference between the terms 

TAD and sub-TAD relates to how these features are conserved. Within a given species, 

TADs are thought to be conserved across different cell types, whereas sub-TADs are 

dynamic and differ between cell types152.  

3.1.2 TADs are formed by loop extrusion and CTCF 

The current model to explain how TADs and chromatin loops are formed is a physical 

process called ‘loop extrusion’ (Figure 3.1B)156. In this model, a structural, ring-shaped 

factor called cohesin, comprising several subunits such as structural maintenance of 

chromosomes (SMC) proteins and RAD21, is bound to chromatin and progressively 

extrudes over time to form a loop (Figure 3.1B). The movement of cohesin is restricted 

by CCCTC-binding factor (CTCF), which consequently stalls the extrusion process and 

stabilises chromatin, forming chromatin loops and TADs (Figure 3.1C)156. Indeed, 

depletion of CTCF and cohesin in human cell lines has been shown to diminish 

chromatin interactions and the insulation of TADs, highlighting the important role for 

these factors in the structural organisation of the genome157,158. 
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Figure 3.1. Three-dimensional chromatin conformation is organised at different levels by 

chromatin looping. 

A. Chromatin in the nuclei of cells is organised into chromosomes that are located at distinct regions 

called “chromosome territories”. Within chromosomes, chromatin is folded into sub-megabase 

structures called topologically associated domains (TADs). TADs organise chromatin loops and 

mediate interactions between genes and their distal regulatory elements, such as enhancers. 

B. Chromatin loops and TADs are formed by loop extrusion. Loop extrusion occurs through the 

progressive protrusion of chromatin by cohesin. Cohesin is comprised of subunits such as structural 

maintenance of chromosomes (SMC) proteins and RAD21, forming a characteristic ring shape 

(green). Over time, chromatin forms a loop until the process is stalled and stabilised by CTCF. CTCF 

motifs can be in forward (red arrow) or reverse (blue arrow) orientations.  

C. Nearly all TAD boundaries are formed by pairs of CTCF proteins binding in convergent or “forward-

facing” orientation.
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CTCF is known as a master regulator of gene expression with numerous functions151. It 

is widely distributed through the genome, with approximately 15% of CTCF binding 

sites found at TAD boundaries149,159. An important feature of TAD boundaries is that 

pairs of CTCF binding sites at boundaries are nearly all found in convergent or 

“forward-facing” orientation (Figure 3.1C)160. Recently, it was shown that the N-

terminus of CTCF is required to block the translocation of cohesin from within TADs 

during loop extrusion161. Experimental inversion of CTCF sites at TAD boundaries has 

also been shown to alter gene expression and chromatin looping162. These data taken 

together demonstrate that CTCF possesses an important biological role in demarcating 

TAD boundaries across the genome. 

3.1.3 The identification of TADs relies on high throughput datasets 

Three-dimensional structure of genomes has been largely studied through chromosome 

conformation capture (3C), a method that measures the interaction frequency between 

genomic loci based on their physical proximity in nuclei163. After chromatin is fixed 

with formaldehyde, DNA is fragmented, typically with restriction enzymes, and 

subsequently re-ligated together. The re-ligated fragments are then purified to produce a 

3C library which can then be adapted for different purposes (Figure 3.2). In standard 

3C, a pair of primers are used to quantify the interaction frequency between two loci 

(“one-versus-one”)164 (Figure 3.2). 3C libraries have also been combined with high-

throughput sequencing to simultaneously examine larger genomic distances at one time, 

such as circular chromosome conformation capture (4C-seq). 4C-seq utilises inverse 

PCR with primers for a locus of interest (viewpoint) to amplify any ligated sequences 

which, based on proximity, physically interact with the viewpoint. Following 

amplification, sequencing is performed to produce a high-resolution map of interactions 

for the viewpoint (“one-versus-all”)165 (Figure 3.2).  

Other 3C-based techniques have also been applied to examine more than one locus at a 

time. High-throughput chromosome conformation capture (Hi-C) is the most used 

approach to identify TADs. Hi-C links 3C with high-throughput sequencing to generate 

pair-wise interactions of all loci (“all-versus-all”) (Figure 3.2)166. The interaction 

frequency between two loci generated through Hi-C is represented by a contact matrix 

consisting of equally sized bins along the genome, ranging from 10 kb to 100 kb, and 

these data can be visualised as a heatmap149,160. At bin sizes (resolution) of 100 kb or 

less, TADs can be seen forming characteristic ‘triangles’ along the genome149. TADs 

can also
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be marked by a focal point at the corner of a triangle referred to as a “peak”, which 

represent high frequency contact between its two boundaries (Figure 3.3)160.  

TADs have been systematically predicted across the genome using Hi-C data through 

computational tools, often referred to as TAD callers. These tools use different 

programming languages, algorithms and data inputs to objectively identify TADs using 

Hi-C data. However, reproducibility of the identified TADs across these various TAD 

callers is poor. TAD calls can differ widely in size and number depending on the 

algorithm and sequencing depth of the datasets used. Despite wide recognition of this, 

these tools have yet to be standardised155,167,168. Alternatively, TADs have been 

manually identified from Hi-C heatmaps160,167,169 or from regions containing 

heterochromatic marks such as H3K9me3.  This is because TAD boundaries function to 

insulate heterochromatin and euchromatin to specific regions of the genome (Figure 

3.3)152,170. Enrichment of CTCF and its binding orientation are frequently used to refine 

the location of TAD boundaries (Figure 3.3)160. It has also been recognised that some 

genomic loci do not have a distinct TAD arrangement149,171. Regardless of the method 

used, the variability in the identification of TADs has highlighted the need for carefully 

interpreting such data and validating predictions experimentally155,167. 

3.1.4 TADs are important in disease, development and evolution 

The important role of TADs and chromatin looping in regulating gene expression has 

been functionally demonstrated through investigations into congenital disease and 

cancers caused by genetic variants which alter TADs and gene expression (reviewed 

in171,172). For example, Franke et al. showed that a large 1 Mb duplication in the 

SOX9/KCNJ2 locus causing Cook syndrome, a congenital disease characterised by 

malformation of nails and digits, formed a new TAD (“neo-TADs”)173. This resulted in 

ectopic interaction of the KCNJ2 gene via new regulatory regions and subsequent 

misexpression, causing the disease phenotype173. Hnisz et al. investigated the structural 

organisation of proto-oncogenes in T cell acute lymphoblastic leukaemia (T-ALL)174. 

This study found recurring deletions adjacent to the TAL1 gene, which encodes a 

transcription factor over-expressed in approximately 50% of T-ALL. These deletions 

removed the boundary of its TAD and resulted in ectopic contact with the adjacent 

domain and gene activation174. 
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However, the relationship between TADs and gene expression is not clear cut. Several 

studies have emerged showing that some alterations to TAD arrangements and 

boundaries at developmental genes do not significantly alter their expression, even after 

removal of multiple CTCF binding sites and large genomic regions175-177. For example, 

TADs at the Sox9/Kcnj2 were fused together by performing boundary deletions175. 

Despite changes to its TAD structure, expression at this locus was not significantly 

altered175. Similarly, genome-wide depletion of cohesin in a human cell line, whilst 

shown to impact chromatin looping, did not change the expression of most genes (87%).  

Only 0.5% of gene expression was altered more than 2-fold158. Thus, it is likely that 

other mechanisms are involved in maintaining chromatin topology and gene expression. 

A role for TADs in evolution has also been in the spotlight in recent years (reviewed 

in178,179), particularly as TADs have been shown to be highly conserved between 

mammalian species152,180. Genomic rearrangements in different vertebrate species are 

highly enriched at TAD boundaries and depleted within TADs, indicating that there is 

evolutionary constraint to maintain these structures181. In line with this, boundaries may 

be hotspots for DNA recombination and the reorganisation of TAD structures may be an 

important force in evolution, driving changes in gene structure and expression179,182.  

3.1.5 Gene clusters are co-regulated by chromatin looping and TADs 

The term ‘gene cluster’ has been broadly used to describe groups of genes that share 

functional pathways, are evolutionarily related, co-localised and/or co-expressed183-185. 

Gene clusters have provided a paradigm for investigating long-range regulation, the 

relationship between TADs and gene expression, and evolutionary processes. In fact, 

functional evidence for chromatin looping in vivo was first provided by Tolhuis et al. by 

studying the β-globin cluster186.  This gene cluster consists of five genes that encode the 

beta-subunit of the haemoglobin protein in erythrocytes. Tolhuis et al. showed that 

efficient gene transcription required these genes to come into physical proximity with 

the well-documented locus control region (LCR), located approximately 50 kb 

upstream186.  

Since then, the TAD arrangements and chromatin interactions of numerous gene 

clusters have been characterised (Table 3.1). The chromatin arrangements of gene 

clusters have been investigated using various combinations of 3C-based methods, cell-

imaging and ChIP-seq for boundary elements and histone modifications. In many cases, 

cis-regulatory elements controlling the expression of gene clusters were well 
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characterised (Hox, proto-cadherin and β-globin)192 and thus the findings that these 

long-range regulatory elements were located within TADs encompassing these genes 

were unsurprising. However, most gene clusters have been shown to be partitioned into 

more than one TAD, including the Hox169,187,188, protocadherin154,162, kallikrein 

(KLK)190 and sine oculis homeobox (Six)191 gene clusters (Table 3.1).  

The TAD arrangements of these gene clusters have been shown to be important in the 

transcriptional regulation of their members. HoxD is one of the best characterised. Hox 

genes encode transcription factors that are essential for animal development and 

patterning. In mammals, these genes are sequentially activated during development and 

in genomic order. The HoxD gene cluster is partitioned into two adjacent TADs such 

that their genes are located around the boundary between the domains, and “swing” 

from one TAD to the other concurrent with their gene activation and regulation188. The 

distinct separation of the HoxD genes is critical to development and has been shown to 

be resilient to genetic modifications189. This and the striking similarities of the HoxD 

and HoxA clusters suggests that global cis-regulatory elements evolved to co-regulate 

neighbouring genes in a coordinated manner rather than through gene-specific 

elements193. 

3.1.6 Project objectives 

CR2 and the RCA gene cluster members share structural and functional characteristics. 

Furthermore, all members of the RCA gene cluster are tandemly arranged, co-localised 

and transcribed in the same orientation in humans. Despite the well-established close 

relationship of the RCA gene cluster, the TAD arrangement or co-regulation of the 

RCA gene cluster has not yet been explored.  

Additionally, in a large association study, our laboratory identified a SNP within intron 

1 of CR2 which was significantly associated with SLE122. Functional studies in B cells 

demonstrated that the major and minor alleles of this SNP altered CTCF binding to CR2 

but not its transcription. However, the expression of the neighbouring downstream gene, 

CR1 was altered122. This suggested that these two genes may be co-regulated in B cells 

and, given the involvement of CTCF, that they may be interacting via chromatin 

looping122. As CR2 and CR1 also belong to the RCA gene cluster, we hypothesise that 

these two genes are co-regulated and located within the same TAD.  
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To this end, this chapter aims to characterise the three-dimensional organisation of the 

RCA gene cluster. Specifically, it aims to: 

1. Identify correlations in gene expression or chromatin modifications between 

members of the RCA gene cluster in human immune cells 

2. Determine the TAD structure and map chromatin looping across the RCA gene 

cluster in B cells 

3. Define the location of TAD boundaries in the RCA gene cluster 
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3.2 Methods 

3.2.1 Publicly available RNA-seq and ChIP-seq data 

Bulk RNA-seq data from 27 human immune cell types were retrieved from the 

BLUEPRINT database via the Immune Cell Atlas194. Heatmap and hierarchical 

clustering of the RNA-seq data was generated using the R package ‘pheatmap’. 

Corresponding ChIP-seq datasets from the BLUEPRINT database were accessed and 

visualised using the University of California, Santa Cruz (UCSC) Genome Browser on 

hg38. 

3.2.2 Circular chromosome conformation capture (4C-seq) 

4C-seq template preparation was performed by Dr. Joshua Clayton (cell culture and 

crosslinking) and Dr. Rafael Acemal (digestion and ligation). Sequencing and sequence 

analysis was performed by Dr. Rafael Acemal. B lymphoblastoid cell lines B-0028 and 

B-0056 (5 × 106 cells) were harvested by centrifugation and resuspended in 5 mL PBS 

with 10% FBS. To cross-link cells, 5 mL 4% formaldehyde was added, and samples 

were incubated for 10 min. Cross-linking was quenched by adding 1 M glycine to     

125 mM final concentration and cells collected by centrifugation at 300 × g for 10 min 

at 4°C. 4C-seq assays and data processing were performed as previously reported195,196. 

Sequences of primers used as 4C viewpoints are listed in Table 3.2. 

3.2.3 Hi-C and transcription factor datasets  

Hi-C data were visualised as contact heatmaps and virtual 4C signal using the 3D 

Genome Browser197 and Juicebox198. CTCF orientation calls from GM12878 were 

retrieved from Rao et al.160 and assessed in the CR1 segmental duplication using 

CTCFBSDB 2.0199.  

3.2.4 Mapping Hi-C reads with mHi-C 

Multi-mapping Hi-C sequencing reads from Rao et al.160 were evaluated using the mHi-

C pipeline200 at 5 kb resolution (Table 3.3). mHi-C was used as described in Zheng et 

al.200 with a novel post-mHiC processing strategy. In brief, the genomic distance effect 

on the contact probabilities is estimated using the univariate spline model based on 

uniquely mapping reads. Such prior probabilities information is updated iteratively by 

the local bin-pairs contact counts leveraging both uniquely mapping reads and multi-

mapping reads. The posterior probabilities, as the results of mHi-C, quantify the chance 

for the candidate bin-pair to be the true origin for each multi-mapping read pair. Instead 
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of applying general filtering based on the posterior score by a fixed threshold, the 

posterior probabilities are interpreted as fractional Hi-C contact counts to incorporate a 

more significant number of the multi-mapping reads into the analysis. To examine 

interaction artefacts due to highly repetitive sequences, a stringent multi-mapping 

allocation strategy was employed which enforced all the multi-mapping reads assigned 

to corresponding regions have a posterior possibility score greater than or equal to 0.99. 

Following rescuing multi-mapping reads by mHi-C, data was visualised as a heatmap 

and virtual 4C signal from the promoter regions of all RCA cluster genes using 

Juicebox198. The co-ordinates for each matrix bin used to define each gene promoter are 

provided in Table 3.4. TAD boundaries were detected using a TAD caller, 

spectralTAD201, which provides nested TADs at different levels. First-level TAD 

boundaries were called at 25 kb resolution. 
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3.3 Results 

3.3.1 The RCA clusters into distinct gene expression profiles in the immune system 

The genes in the RCA cluster exhibit varied expression patterns across a broad range of 

cell types6. To identify correlations in gene expression patterns of the members of the 

RCA gene cluster, publicly available bulk RNA-seq data from the BLUEPRINT 

database were examined. The BLUEPRINT database has characterised the 

transcriptional and epigenetic profiles of numerous primary immune cells purified from 

cord and venous blood202. Hierarchical clustering of the bulk RNA-seq data in immune 

cells from venous blood divided the RCA genes into two groups: genes with a highly 

restricted expression pattern (CR2, C4BPA and C4BPB), and genes with a wide 

expression pattern (CR1, CD46 and CD55) (Figure 3.4). C4BPB and C4BPA exhibited 

the most similar gene expression pattern in this dataset, with the expression of these 

genes being highly limited across these immune cell types (Figure 3.4), which follows 

as C4BP is a soluble protein primarily synthesised and expressed in the liver203. In 

contrast, CD46 and CD55 were expressed across all analysed immune cell-types, with 

the highest expression observed in neutrophils (Figure 3.4). CR2 expression was 

restricted to B cells, T cells and natural killer (NK) cells, while CR1 was expressed in 

most cell-types, but expression was limited in the NK cell, endothelial cell progenitor 

and mesenchymal stem cell samples in this dataset (Figure 3.4).  

Clustering was also performed to compare the expression profiles of the RCA genes by 

cell-type. Clusters were identified containing more than one cell-type. Specifically, 

Cluster 3 which included T cells and platelets, and was marked by co-expression of all 

RCA cluster genes except for C4BPA (Figure 3.4). Cluster 5 included mesenchymal 

stem cells, erythroblasts, and NK cells, and saw high expression of CD46 and CD55, 

and some expression of CR1 (Figure 3.4). Several distinct clusters containing a single 

cell-type were also recognised. Cluster 1, which only contained neutrophil samples, was 

marked by high expression of CR1, CD46 and CD55, as well as some expression of 

C4BPA (Figure 3.4). Cluster 6 contained only B cell samples and had a unique 

expression profile marked by CR2, CR1, CD46 and CD55 (Figure 3.4).
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Figure 3.4: Gene expression profiles of RCA genes cluster into distinct cell lineages. 

Cluster analysis of normalised RNA-seq data from 21 immune cell types from the Immune Cell Atlas194 for genes of the RCA gene cluster. Cell types examined in this dataset 

include: neutrophils (NEU), naïve B cells (B naïve), memory B cells (BM), class switch B cells (BCS), monocytes (MONO), basophils (BAS), eosinophils (EOS), central memory 

CD4 T cells (CD4 CM), effector memory CD4 T cells (CD4 EM), naïve CD4 T cells (CD4 naïve), regulatory CD4 T cell (T reg), central memory CD8 T cells (CD8 CM), effector 

memory CD8 T cells (CD8 EM), terminally differentiated effector memory CD8 T cells (CD8 TDEM), natural killer cells (NK), blood outgrowth endothelial cell progenitors 

(BOEC), mesenchymal stem cells (MSC), erythroblasts (EB), platelets (PLT), non-activated macrophages (M0), lipopolysaccharide activated macrophages (M1), and alternatively 

activated macrophages (M2).
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3.3.2 The RCA gene cluster is organised into more than one TAD 

To investigate the structural arrangement of the RCA gene cluster in the B cell lineage, 

raw Hi-C data in the GM12878 B lymphoblastoid cell line from Rao et al.160 was 

examined at 10 kb resolution. Two distinct TAD ‘corner peaks’ were observed (Figure 

3.5A). Interactions were frequent between C4BPB and loci more than 350 kb upstream, 

within the intergenic region between CD55 and CR2, and the CR1 promoter region 

(Figure 3.5A). No long-range interactions between CD46 and the rest of the RCA gene 

cluster were observed, suggesting that this gene may not be contained in the same TAD 

as the other genes of the RCA cluster. This was difficult to clarify by observation alone 

due to data filtering and poor sequence mappability across the intragenic segmental 

duplication within CR1 (exon 5 – 20 of CR1) (Figure 3.5A). Nonetheless, the pattern of 

chromatin interactions across the RCA was consistent in the 7 cell lines also examined 

at 10 kb resolution in this Hi-C dataset. These included several non-B cell lines: K562 

(erythroid), HMEC (epithelial), NHEK (keratinocyte), IMR90 (fibroblast), KBM7 

(myeloid) and HUVEC (endothelial) (Figure 3.6A). Corresponding TAD co-ordinates 

from this dataset called using directionality index (which measures the bias in contact 

frequency upstream and downstream of a region)149 varied between these cell lines. 

However, RCA members C4BPB, C4BPA, CD55, CR2 and CR1 (exon 1 to exon 5) 

were consistently placed within the same predicted TAD (Figure 3.6B). As TADs are 

recognised to be constitutive between different cell-types152, these data indicated that 

the RCA gene cluster may be organised into more than one TAD. 

To further clarify the TAD organisation of the RCA gene cluster in B cells, long range 

interactions were finely mapped using 4C-seq in a B lymphoblastoid cell line, B-0028. 

Expression of the RCA genes in this cell line was measured using qPCR and were 

observed to be consistent with the pattern of expression identified in publicly available 

RNA-seq data (Appendix Figure 1A, Figure 3.4). As CTCF is known to play an 

important role in chromatin looping, 4C viewpoints (VP) from CTCF sites were 

selected utilising GM12878 ChIP-seq data (GM12878) which co-localised with regions 

of highly frequent interactions observed in the Hi-C data (Figure 3.5A). These 

viewpoints included the intergenic region between CD55 and CR2 (VP1), intron 1 of 

CR2 (VP2) and intron 1 of CR1 (VP3) (Figure 3.5C). We also selected a 4C viewpoint 

from a CTCF binding site within intron 29 of CR1 (VP4) which did not markedly 

engage in chromatin interactions with this upstream region (Figure 3.5A, Figure 3.5C). 
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Figure 3.5: Chromatin conformation of the RCA gene cluster in B lymphoblastoid cell lines 

A. Hi-C heatmap matrix (10 kb resolution) for the GM12878 B cell line from Rao et al. for the 1 Mb 

region across the RCA genes (dark blue) on hg19 (chr1:207,120,000-208,130,000)160. Relative 

interaction frequencies between two loci are indicated by colour intensity (range 0-410). High 

frequency long-range interactions (>350 kb) were observed between distal RCA genes C4BPB and 

the complement receptor genes (CR2 and CR1) (arrows), as well as between intervening loci, 

indicating that these genes reside in the same TAD. SLE-associated variants are indicated in orange. 

B. GM12878 ChIP-seq signal for CTCF from ENCODE shows CTCF enrichment at multiple sites 

across the RCA gene cluster which may engage in long-range chromatin looping. 

C. 4C-seq interaction signal in the B-0028 cell line from four viewpoints on CTCF binding sites in the 

intergenic region between CR2 and CD55 (viewpoint 1, VP1), intron 1 of CR2 (viewpoint 2, VP2), 

intron 1 of CR1 (viewpoint 3, VP3) and intron 29 of CR1 (viewpoint 4, VP4). Viewpoints are 

represented by vertical dotted lines. Several 4C-seq peaks were common between VP1 – 3 and 

aligned with CTCF binding sites within YOD1, upstream of C4BPB and within CD55 (asterisks). 

VP4 showed a distinct interaction profile to all other viewpoints. 
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Figure 3.6: Hi-C and TAD predictions across several cell types corresponded to 4C-seq interaction 

maps and indicated that the RCA gene cluster is divided into two TADs. 

A. Raw Hi-C data at 10 kb resolution from Rao et al. for the 1 Mb region across the RCA genes (dark 

blue) on hg19 (chr1:207,120,000-208,130,000), as shown in Figure 3.5160. Highly frequent chromatin 

interactions between C4BPB, C4BPA, CD55, CR2 and CR1 in GM12878 were observed in all cell 

lines assessed in this dataset (arrows). 

B. Predicted TAD co-ordinates from Dixon et al.204 varied between different cell lines, but RCA genes 

C4BPB, C4BPA, CD55, CR2 and the CR1 promoter were consistently situated in the same TAD. A 

boundary at exon 5 of CR1 (hg19 chr1:207,700,000) was identified in NHEK, IMR90, KBM7 and 

HUVEC cell lines. 
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Enrichment of CTCF at these VPs in the B-0028 cell line was confirmed using ChIP-

qPCR (Appendix Figure 2).  

4C maps from VP1, VP2 and VP3 yielded consistent 4C signal peaks at upstream CTCF 

sites near RCA member C4BPB and within non-RCA member YOD1 (Figure 3.5C) and 

corresponded to the Hi-C data (Figure 3.5A). These CTCF viewpoints also consistently 

interacted with the CTCF site within intron 6 of RCA gene CD55 (Figure 3.5C, 

asterisks). Chromatin interactions from VP1 – VP3 did not extend to CTCF sites 

upstream of YOD1 or downstream of CR1 exon 7 (Figure 3.5C). In contrast, VP4 

produced a unique 4C map whereby interactions were constrained to a 60 kb region 

downstream of this viewpoint within the CR1 gene body and did not extend upstream 

(Figure 3.5C). We replicated 4C-seq from these CTCF viewpoints in another B cell line 

(B-0056), whereby CTCF interactions in the RCA gene cluster were also organised to 

two discrete regions (Appendix Figure 2), potentially representing two TADs with an 

inter-TAD boundary located within the CR1 gene itself. However, like Hi-C, reads 

mapping to the CR1 segmental duplication were filtered out during 4C-seq data 

processing (Figure 3.5). 

3.3.3 An inter-TAD boundary is located within the CR1 segmental duplication 

To refine the location of the TAD boundaries in the RCA gene cluster, a customised Hi-

C pipeline called mHi-C was used to recover multi-mapping reads and probabilistically 

assign them to their most likely genomic position200. Indeed, mHi-C successfully 

recovered Hi-C interactions across the CR1 segmental duplication in the GM12878 cell 

line (Figure 3.7A). These interactions were visualised as virtual 4C signal from RCA 

gene 5’ upstream promoter regions. In line with our previous observations, interactions 

from the promoters of upstream RCA genes C4BPB, C4BPA, CD55, CR2 and CR1 were 

localised to a distinct domain region compared to downstream RCA genes CR1L and 

CD46 (Figure 3.7B). After recovering multi-mapping reads, we used a state-of-the-art 

TAD caller, spectralTAD201 to systematically designate TADs and TAD boundaries. 

Using spectralTAD, TAD boundaries were assigned at the intergenic region upstream of 

YOD1, intron 11 of CR1 and the intergenic region downstream of CD46. This clearly 

placed RCA genes C4BPB, C4BPA, CD55, CR2 and CR1 in TAD 1, and CR1L and 

CD46 in TAD 2 (Figure 3.7B). 
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Figure 3.7: Recovery of multi-mapping reads revealed that the RCA gene cluster is divided into two 

TADs separated by an intragenic boundary within CR1. 

A. Hi-C contact maps of GM12878 data at 5 kb resolution with only uni-mapping reads (left panel) and 

both uni- and multi-mapping (right panel) reads assigned with mHi-C. Using mHi-C, interactions 

across the CR1 segmental duplication were successfully recovered.  

B. mHi-C interactions were visualised as virtual 4C signals from the promoters of the RCA genes, 

which showed that interactions of RCA genes were constrained to two distinct regions. SpectralTAD 

was used to call TADs using Hi-C data with multi-mapping reads recovered, defining two clear 

TADs in the RCA cluster. Raw GM12878 CTCF ChIP-seq signal from ENCODE showed 

enrichment of convergent CTCF at the boundaries of both TADs and revealed that the CR1 

segmental duplication (orange) is flanked by repeated reverse orientation CTCF sites (indicated by 

arrows). 
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CTCF enrichment and motif binding orientation at the TAD boundaries in the RCA 

gene cluster were examined. Each TAD was flanked by CTCF enrichment in the 

GM12878 B cell line together with convergent CTCF motifs, characteristic of TAD 

boundaries (Figure 3.8A). Importantly, the inter-TAD boundary was positioned within 

the CR1 segmental duplication. Like other highly repetitive, unmappable genomic 

regions, CTCF enrichment at this region is underrepresented in the high-throughput 

datasets such as the ENCODE portal following the typical ChIP-seq processing 

pipeline. Therefore, we examined raw CTCF ChIP-seq signal in the GM12878 cell line 

and observed enrichment of CTCF at this repeat element. Interestingly, this region of 

enrichment was underlined by reverse orientation CTCF motifs at each repeat segment 

(Figure 3.8B). This has not been defined in datasets previously, likely due to the 

sequence unmappability and the absence of CTCF peaks in this region. However, CTCF 

was enriched at each of the CR1 repeat segments (CR1 intron 7, 15 and 23) across all 

cell lines in this ENCODE CTCF signal data set (Figure 3.8A). Taken together, our 

data shows that the RCA gene cluster is divided into two TADs and reveals that a TAD 

boundary is located within the CR1 gene at the intergenic segmental duplication. 
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Figure 3.8: CTCF ChIP-seq peaks co-localised to CTCF motifs at LCR1, LCR1’ and LCR2 and enriched across multiple cell types. 

A. UCSC Genome Browser view of the CR1 gene (chr1:207,659,992-207,822,993, hg19) with low copy repeats annotated. Due to the sequence similarity of LCR1 and LCR1’ on 

the human reference genome, sequencing reads are not mapped to these regions and are filtered out. However, unfiltered raw ChIP-seq signal for CTCF from ENCODE/Broad 

Institute shows that CTCF is enriched at LCR1, LCR1’ and LCR2 across multiple cell lines. 

B. Analysis of the LCR1, LCR1’ and LCR2 sequence identified identical, reverse-orientation CTCF binding motifs overlapping CTCF ChIP-seq signal. CTCF position frequency 

matrix was retrieved from JASPAR (MA0139.1).  
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3.4 Discussion 

Given the proximity, directionality and function of the RCA gene cluster members, the 

possibility of co-ordinated regulation has long been considered6. This has been 

particularly noteworthy in that several genes in the RCA cluster are implicated in the 

same complex disease, namely SLE (Section 1.3.2, Section 1.3.3). Here, we have 

characterised the structural arrangement of the RCA gene cluster for the first time and 

discovered that its members are divided into two distinct TADs: TAD 1 consists of 

C4BPB, C4BPA, CD55, CR2 and CR1, while TAD 2 consists of CD46 and a 

pseudogene, CR1L. We also examined several CTCF binding sites across the RCA gene 

cluster and mapped long-range interactions between them, defining a role for these in 

chromatin looping. Additionally, we found that chromatin looping was constrained at a 

distinct location within CR1.  

Our data showed that CR2 and CR1 are indeed located within the same TAD. Using 4C-

seq, we found that the CTCF sites located within CR2 and CR1 did not directly interact 

with one another. Rather, these CTCF sites interacted with other CTCF sites within 

TAD 1, including a CTCF site within the upstream region of CD55 to establish a 

chromatin network. These data provide a strong basis for these genes to be controlled by 

long-range regulatory elements, such as enhancers, which are known to be mediated by 

chromatin looping205,206. Based on this finding, we propose that the SLE-associated SNP 

in the first intron of CR2 (rs1876453)122 is likely to alter CR1 expression by indirectly 

modifying chromatin contacts or other long-range regulatory elements in TAD 1. We 

noted that CD55, CR2 and CR1 are co-expressed in B cells, T cells and macrophages 

based on publicly available RNA-seq data. An important step to determine whether 

TAD 1 and TAD 2 form regulatory landscapes in the RCA gene cluster is to identify 

and characterise putative enhancers in the region. 

The distinct grouping of the RCA gene cluster into two domains was somewhat 

surprising. This was due to highly similar gene expression patterns of CD55 and CD46 

(expressed on nearly all immune cell types) in comparison to C4BPB and C4BPA 

(expressed by none of the immune cell types), as well as their distinct physical location. 

Based on these observations, one may speculate that these pairs of genes may be 

distinctly co-regulated. However, findings indicate that this is not the case. Rather, the 

RCA genes located in TAD 1 are likely to share regulatory elements with non-RCA 

genes upstream of C4BPB, such as YOD1 and PFKFB2. YOD1 encodes a highly 

conserved deubiquitase and PFKFB2 encodes 6-phosphofructo-2-kinase/fructose-2,6-
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biphosphatase, an enzyme involved in the catabolism of fructose-2,6-bisphosphate and 

control of glycolysis in eukaryotes207,208. Both of these proteins have no known function 

in complement.  

The expression of the RCA member CD46 is likely to be controlled by mechanisms 

distinct to the other RCA genes. In fact, the only other genes located in TAD 2 are 

pseudogenes: CD46-like (CD46-L) and CR1-like (CR1-L)7,209. However, evidence for 

these pseudogenes having a functional role has been limited210 and one can only 

speculate whether the presence of these genes play a structural or transcriptional role in 

the RCA gene cluster. 

While the RCA gene cluster is also conserved in mice, its members are separated to two 

chromosomal positions located more than 6.5 Mb apart211. A key difference between 

humans and murine CR2 and CR1 is that they are encoded by the same gene (Cr2)211. 

The organisation of the murine RCA cluster matches closely to the TAD organisation of 

the gene cluster we identified in humans. It has been observed that breaks in synteny 

between species commonly occur at TAD boundaries170, thus the TAD boundary we 

identified in CR1 may represent the breakpoint region for the genomic rearrangement of 

the RCA gene cluster in humans and mice. 

While Hi-C has been extensively used to systematically identify TADs across the 

genome in multiple species149,170, the utility of these data to examine the structural 

arrangement of the RCA gene cluster in humans was hindered by sequence 

repetitiveness of the intragenic segmental duplication in CR1. This segmental 

duplication spans approximately 40 kb in the middle of the gene cluster and can only be 

examined using Hi-C data at low resolution (40 kb bins or larger). This is likely to 

interfere with the ability to systematically identify TADs in this region with standard 

TAD callers167,168. To overcome this locus-specific limitation, we overlaid several lines 

of evidence. We critically examined the Hi-C interaction data and refined this by using 

high-resolution 4C-seq. We measured the genomic interactions of multiple CTCF 

binding sites in the RCA gene cluster. Our conclusion was strengthened by the 

observation that interactions of the CTCF viewpoints in TAD 1 (VP1 – VP3) were 

highly concordant. 4C-seq peaks marked to common locations in the RCA gene cluster 

and, furthermore, were  in two different lymphoblastoid cell lines.  

Our findings show that the boundary between the two TADs in the RCA gene cluster is, 

in fact, located within the CR1 gene. CR1 is expressed on nearly all peripheral blood 
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cells but is predominantly expressed on erythrocytes where its main role is to clear 

immune complexes. CR1 is also an inhibitor of the classical and alternative complement 

pathways212. Of note, we examined two CTCF sites within the CR1 gene (intron 1 and 

intron 23) using 4C-seq and found that interactions from these viewpoints (VP3 and 

VP4) were sharply demarcated in opposing directions. While it would be ideal to 

examine the interactions of an additional CTCF site in TAD 2, this data highlighted the 

potential location of the TAD boundary. We then refined the location using a unique Hi-

C pipeline that integrates multi-mapping reads and assigns them to their most likely 

genomic location. Using mHi-C, we mapped the inter-TAD boundary to intron 11 of 

CR1, falling within the segmental duplication. In addition, we mapped for the first time 

CTCF motifs within LCR1 and showed that these co-localised with CTCF ChIP-seq 

enrichment across several cell-types, indicating that CTCF binding is invariant in this 

region. However, we note the limitations in utilising unfiltered ChIP-seq data to 

determine this. To corroborate this finding, determining TF enrichment based on long-

read sequencing technologies would be required to refine highly repetitive regions such 

as the LCR1 in CR1 which are unmappable using current tools. 

The CR1 segmental duplication has biological importance. The tandem segmental 

duplication in CR1, also known as ‘low copy repeat 1’ (LCR1), results in the 

duplication of 8 exons and introns in CR1 and has been shown to alter the number of 

functional domains in the protein (Figure 3.9)212,213. There are multiple co-dominant 

CR1 alleles in the population defined by copies of LCR1. The CR1-A (one copy of 

LCR1) and CR1-B (two copies of LCR1) alleles are most common214, however alleles 

that contain zero copies and three copies of LCR1 have also been documented (Figure 

3.9)215. Importantly, this repeat element is known to be associated with SLE and, more 

recently, late-onset Alzheimer’s disease (AD)123,216. Despite the large size and nature of 

this repeat element, neither its biological nor functional implication has been 

uncovered212.  

Our findings show that the LCR1 repeat element in CR1 co-localises with a TAD 

boundary and indicate that this copy number variant (CNV) may impact the chromatin 

structure of the RCA gene cluster. Based on the loop extrusion model of TAD 

formation, it is likely that the increasing copy number of LCR1 results in increased 

numbers of CTCF sites (reverse orientation) in TAD 1. In turn, the increase in CTCF 

sites may result in greater insulation of chromatin interactions within this TAD and 

potentially alter gene expression156. This is consistent with the presiding hypothesis that 
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Figure 3.9: CR1 exists as four co-dominant alleles (CR1-A, CR1-B, CR1-C and CR1-D) with 

different copy numbers of the 18 kb low copy repeat 1 (LCR1) thus altering the CR1 protein length 

and functional domains. 

The low copy repeat 1 (LCR1) is an 18 kb region which consists of 8 exons and 8 introns of CR1. LCR1’ 

repeat element possesses 99.9% identity to LCR1 and is not present in the CR1-A allele (one copy of 

LCR1). LCR1’ is present in the CR1-B (two copies of LCR1 in total). Rare alleles consisting of no copies 

of LCR1 (CR1-C) and two copies of LCR1’ (CR1-D, three copies in total) have also been documented. 

All CR1 alleles also contain low copy repeat 2 (LCR2) which is believed to be duplicated from LCR1. 

LCR2 possesses approximately 98% identity to LCR1. LCR1 encodes 7 short consensus repeats (SCRs, 

circles) thus resulting in different lengths of CR1, ranging from 23 SCRs (CR1-C) to 44 SCRs (CR1-D). 

SCRs of CR1 are grouped into functional domains called long homologous repeats (LHRs). 
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complex diseases, such as SLE and AD, develop as a result of dysregulated gene 

expression rather than functional protein changes84. To date, the regulatory potential of 

this region has been unexplored due to its inherent inability to be mapped using next-

generation sequencing, as has long been recognised for segmental duplications. By 

manually and critically analysing our data, we were able to demonstrate this possible 

co-regulation for the first time. To confirm if or how LCR1 copy number potentially 

influences chromatin interactions and the TAD arrangement of the RCA, functional 

experimentation will be required. For example, genetic modification of LCR1 copy 

number in a cell line, followed by chromatin mapping and subsequent determination of 

gene expression changes will potentially reveal whether the LCR1 influences chromatin 

structure. 

Through this work, we see the RCA gene cluster join other gene clusters, such as the 

Hox and Six, which are also divided into two adjacent TADs187,191. However, unlike 

other developmental gene clusters which have a highly restricted expression pattern in a 

small number of tissue types, the transcriptional expression patterns of the members of 

the RCA gene cluster are broad and highly varied. An area of great interest that is not 

currently well understood in the 3D genome field is how TADs and chromatin looping 

changes between different cell types, and through development and differentiation155,179. 

The unique characteristics of the RCA gene cluster may offer the field a promising 

model to investigate the dynamics of chromatin structures in different cell types. In 

addition, this will elaborate our findings and definitively determine whether the TAD 

arrangement of the RCA gene cluster is invariant or if they represent distinct sub-TADs 

that alter between cell types. Nonetheless, we emphasise that complementary methods 

to Hi-C, such as 4C-seq and mHi-C as we have utilised here, are requisite to further 

examine the structural arrangement of the RCA gene cluster to overcome the intricacies 

of this locus.
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CHAPTER 4 

A long-range enhancer in the RCA 

gene cluster co-regulates the 

expression of CR2 and CD55 in B cells 
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4.1 Introduction 

4.1.1 What is an enhancer? 

Enhancers are an important class of cis-regulatory DNA elements which increase gene 

transcription over large genomic distances (ranging from approximately 1 kb to 1 Mb 

away)217. The term ‘enhancer’ was first defined by Banerji et al. in 1981 after 

discovering that a non-coding DNA sequence from the simian virus 40 (SV40) genome 

could ‘enhance’ the expression of a reporter gene218.  This sequence acted 

independently of distance, position and orientation to a gene218. Since then, the 

definition of an enhancer has evolved as new technologies and insights have 

emerged219.  

The presiding model by which enhancers function describes them as euchromatic 

regions that contain clusters of binding sites for transcription factors (TFs) and co-

activators (Figure 4.1A). Chromatin looping (Section 3.1.2) brings enhancers bound 

with TFs and co-activators into physical contact with their target genes. This facilitates 

chromatin remodelling and the increased recruitment of basal transcriptional machinery 

to the promoter of the gene, thereby upregulating its transcription (Figure 4.1A)217,220. 

This process also coincides with the deposition of other co-activators such as histone 

acetyltransferases p300 and CREB-binding protein (CBP), which deposit acetyl groups 

to histone tails (H3K27ac) at enhancer regions221. Enhancer regions have been shown to 

be actively transcribed themselves, resulting in short, non-coding RNA transcripts222 

(Figure 4.1A). 

There are estimated to be hundreds of thousands of putative enhancers across the human 

genome, vastly outnumbering gene promoters223. However, only a subset of these are 

active in any given cell type.  Therefore, enhancers are recognised as key elements 

involved in the complex control of cell type-specific gene expression in eukaryotes220. 

Within a given cell type, enhancer selection is driven by pioneering factors, which are 

transcription factors that can bind to their cognate DNA motif within compacted 

chromatin. This initiates the process of enhancer selection and opens up chromatin to 

lineage-determining transcription factors (LDTFs). Some enhancers may be activated 

with LDTF binding alone, but others may require additional internal or external signals 

(via signal-dependent transcription factors, SDTFs) or co-activators220. 
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Figure 4.1: Model of enhancer function and histone modification defining different enhancer states. 

A. Enhancers (light blue) are located distal to genes (purple) and interact with genes through chromatin 

looping. Transcription factor (TF, green), co-activators and the Mediator complex recruit RNA 

polymerase II (RNA pol II, orange) and promote the expression of mRNA. Concurrently, enhancer 

regions also transcribe bidirectional non-coding transcripts called enhancer RNAs (eRNA, dark blue 

line). Figure adapted from224,225. 

B. Enhancers are categorised into different functional states, each marked by a unique combination of 

histone modifications. Inactive enhancers lack any characteristic histone modification, while all 

other states are marked by H3K4me1 (yellow). Poised enhancers are enriched for the silencing 

histone mark, H3K27me3 (red) and active enhancers are enriched for the active histone mark, 

H3K27ac (blue). 
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4.1.2 Enhancer states and types 

Enhancers can be broadly classified as inactive, primed/poised or active, with each 

classification marked by different functional states and histone modifications220,226 

(Figure 4.1B). Inactive enhancers are enveloped within nucleosomes in compact 

chromatin, are unable to bind TFs and lack any characteristic histone modification. 

Upon the binding of pioneering factors and the opening up of chromatin, enhancers 

transition to a primed or poised state. Here, these enhancers possess H3K4me1 marks 

and can bind other LDTFs and co-activators, but require other signals/factors to be fully 

active (Figure 4.1B). Primed and poised enhancers are very similar to each other, but 

can be differentiated based on histone modification marks. Poised enhancers are 

enriched for the repressive H3K27me3 mark and thus require additional cues to remove 

these marks and become active227. Upon activation of all required signals, primed and 

poised enhancers become active. At this stage, they become enriched for the active 

enhancer mark H3K27ac and are also bound by RNA polymerase II221,228 (Figure 

4.1B). 

In addition to enhancer states, a number of other enhancer types have also been 

recognised. ‘Super-enhancer’ is a term used to describe cell type-specific, enhancer-

dense regions that are specifically associated with genes that define the identity of the 

respective cell type229. However, this term is determined through bioinformatics and its 

functional distinctiveness to a classical enhancer is not well defined. ‘Shadow’ 

enhancers are a group of at least two enhancers that control target genes with the same 

spatiotemporal activity, such that the loss of one or the other enhancer allows gene 

expression to be maintained230. This mechanism is believed to be important in the 

evolution of eukaryotes230. 

4.1.3 Enhancer identification 

Identification of the epigenetic characteristics of enhancers has enabled candidate 

enhancer regions to be systematically identified across the genome219. For example, 

chromatin immunoprecipitation followed by sequencing (ChIP-seq) has been used to 

map the binding of proteins, such as transcription factors and co-activators, across the 

genome at a high resolution231. Candidate enhancers can be identified by clusters of TF 

and co-activator binding, as well as specific histone modification such as H3K27ac. 

Specifically, the ratio of H3K4me1 to H3K4me3 has been used to distinguish enhancers 

from promoters (H3K4me1 is enriched at enhancers and H3K4me3 is enriched at 
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promoters)232. In addition, candidate enhancer regions have been identified using DNase 

I-hypersensitive site sequencing (DNase-seq)233 or assay for transposase-accessible 

chromatin using sequencing (ATAC-seq)234 to identify regions of open chromatin. 

Transcriptome analyses have shown that enhancer regions express non-polyadenylated, 

bi-directional RNA transcripts called enhancer RNAs235. A function for eRNAs has 

been difficult to unravel due to their inherent instability and short length (typically        

< 200 nt).  It has thus been speculated that eRNA may simply be a by-product of RNA 

polymerase II binding to enhancers235. 

Due to the large-scale nature of genome-wide projects mapping chromatin and 

transcriptomic features of regulatory elements, a number of international consortia have 

formed. These consortia have generated datasets which can be used to identify 

candidate enhancers and their target genes which are potentially active in various cell 

and tissue types222,223,236,237. Much of these data have been deposited into publicly 

available databases, making them an invaluable resource for investigating gene 

regulatory elements and their roles in biology and disease. 

4.1.4 Identification of candidate enhancer target genes 

While the identification of candidate enhancers has been extensively catalogued, a 

challenge remains in identifying their target genes. This is in part due to the ability of 

enhancers to; simultaneously regulate expression of multiple genes, regulate genes large 

distances away and skip neighbouring gene/s238.  

Transcript-based methods to identify target genes of candidate enhancers have arisen to 

predict enhancer-gene pairs across the genome. For example, expression quantitative 

trait loci (eQTL) that fall within candidate enhancer regions can be assessed using bulk 

RNA-seq and genotyping. Genes that are significantly associated with alleles of eQTLs 

within candidate enhancers are predicted gene targets239. While the function of eRNAs 

is not fully understood, it has been demonstrated that eRNAs are significantly co-

expressed with their target genes and have also been used to predict candidate enhancers 

genome wide222. 

The mapping of chromatin interactions through high-throughput chromatin 

conformation capture technologies, such as Hi-C and capture Hi-C (CHi-C) (Section 

3.1.3), has aided in the identification of candidate enhancer gene targets.  However, 

these data are limited by resolution and the physical chromatin interactions detected 

using these methods may not necessarily be functional or biologically relevant. 
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Different methodologies have also generated conflicting conclusions. Using 5C, Sanyal 

et al. found that approximately 7% of enhancer interactions were established with their 

nearest promoter240. In contrast, Mifsud et al. using capture Hi-C (which enriches Hi-C 

libraries for promoter contacts) found that candidate enhancers interacted with their 

nearest gene more than 60% of the time240,241. Experimental validation of enhancers and 

physically associating enhancer-gene pairs is imperative to determine their true 

influence on gene expression155,238.  

4.1.5 Experimental validation 

Numerous strategies have been developed to experimentally validate and characterise 

enhancers (reviewed by217). Reporter-gene assays are the most commonly used method 

for evaluating the regulatory potential of a DNA sequence217. These assays utilise a 

reporter gene, such as luciferase, driven by a minimal promoter which in itself is 

insufficient to enable expression of the reporter. Therefore, the insertion of the sequence 

of interest and its relative effect on the reporter gene is indicative of its transcriptional 

and enhancer activity. However, traditional reporter-gene assays remove sequence from 

their native genomic context and therefore may not fully recapitulate the gene’s 

endogenous environment. In addition, reporter-gene assays are unable to identify which 

gene/s an enhancer targets.  

To examine enhancers in their native genomic context, methods to perturb the regions, 

using clustered regularly interspersed short palindromic repeats and CRISPR-associated 

protein 9 (CRISPR-Cas9) have great utility. CRISPR-Cas9 may be delivered into cell 

lines or animals by introducing guide RNAs (gRNAs) to delete or disrupt putative 

enhancer sequences. In addition to verifying the function of a candidate enhancer, the 

gene/s that are affected may also be determined.  

4.1.6 Project objectives 

It has long been established that the members of the RCA gene cluster have a close 

evolutionary relationship6. Of note is the highly conserved physical proximity of its 

members and their co-expression.  This has lead to speculation that these genes may be 

co-regulated and share common regulatory elements6,242. Previously, we characterised 

the structural arrangement and mapped CTCF-mediated chromatin looping across the 

RCA gene cluster (Chapter 3)243. Our data strongly indicates that enhancer elements 

may be located within the RCA complex and that the genes within are co-regulated in 

the B cell lineage.  



 

 90 

This chapter aims to identify and characterise enhancers in the RCA gene cluster. 

Specifically, it aims to: 

1. Identify candidate enhancers in the RCA gene cluster that may be active in the B 

cell lineage 

2. Assess the transcriptional activity of strong candidate enhancers in vitro 

3. Assess a candidate enhancer in vivo and identify its target genes
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4.2 Methods 

4.2.1 Bioinformatics 

Enhancer predictions were retrieved from the GeneHancer database (Version J), which 

leverages data from multiple sources, including ENCODE, FANTOM5 and Ensembl244. 

Histone modification and transcription factor enrichment was assessed using ENCODE 

data and visualised on the UCSC Genome Browser on hg19. 

4.2.2 Enhancer plasmid constructs 

Candidate enhancers were amplified from human genomic DNA using Q5 Hot-Start 

High-Fidelity DNA polymerase (New England Biolabs) and directionally cloned into 

the pGL3-Promoter plasmid (pGL3-P) (Promega) upstream of the SV40 promoter using 

restriction enzymes KpnI, MluI, XhoI and BglII (Table 2.4). Correct orientation and 

sequence of constructs was verified using restriction enzyme digestion (Section 2.4.9) 

and Sanger sequencing (Section 2.4.7). 

4.2.3 Luciferase reporter gene assays 

Plasmid DNA (1 μg) was transiently transfected with the pRL-TK Renilla internal 

control vector (50 ng) using 4 μL Viafect™️ transfection reagent (Promega) into either 

suspension or adherent cell lines. Cell lysates were harvested 24 h post transfection. 

Firefly and Renilla luciferase activity of cell lysates were sequentially assayed using the 

Dual-Luciferase Reporter Assay System (Promega) on a GloMax Explorer luminometer 

(Promega). Firefly luciferase readings were normalised to a co-transfected internal 

Renilla luciferase control, and the activity of each enhancer construct was normalised to 

a pGL3-P control.  

4.2.4 CRISPR plasmid constructs 

A schematic overview of the plasmid cloning process is provided in Appendix Figure 

3. All CRISPR plasmid constructs were modified from pSpCas9(BB)-2A-GFP 

(PX458)245 (Addgene #48138). To generate a large genomic deletion, PX458 was 

modified to express two guide RNAs (gRNAs) designed to cut the 5’ and 3’ ends of the 

target region. gRNAs were selected using CRISPRscan246 to identify the highest scoring 

sequences with minimal off-target effects (Table 4.1). gRNAs were cloned into the 

BbsI restriction sites of PX458 using T4 DNA ligase (New England Biolabs). gRNA 

expression cassette inserts (U6 RNA polymerase III, gRNA sequence and gRNA 

scaffold) were amplified using PCR primers containing Acc65I and XbaI restriction 
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ends for sub-cloning (Table 2.4). For the negative control construct, the gRNA 

expression cassette of PX458 was removed using PciI/XbaI digestion and purified using 

the QIAquick Gel Extraction kit (QIAGEN). The linearised plasmid was blunt ended 

using T4 DNA polymerase (New England Biolabs) and re-ligated (Appendix Figure 

3). 

4.2.5 CRISPR enhancer deletion 

CRISPR plasmid constructs (2 μg) were electroporated into 2 × 106 Raji cells using the 

Amaxa Cell Line Nucleofector Kit V (Lonza Bioscience) (Program M-013). Cells were 

incubated at 37°C with 5% CO2 for 24 h and then sorted for green fluorescent protein 

(GFP) expression using fluorescence-activated cell sorting (FACS) on a FACSAria II 

(BD Bioscience). The GFP+ pool (bulk) was expanded for further analysis. To obtain 

single cell clones, the bulk sample was plated into 96-well plates at approximately 1 cell 

per well in conditioned media. Single cell colonies were expanded and cells were 

cryopreserved. Genomic DNA and total RNA extraction were performed using the 

QIAamp DNA Blood Mini kit (QIAGEN) and RNeasy Mini kit (QIAGEN), 

respectively. RNA was reverse-transcribed and transcript abundance measured by qPCR 

as previously described (Section 2.4.6). DNA was qualitatively screened for the 

genomic deletion using PCR with oligonucleotides amplifying across the targeted 

region (deletion, D) and within the target region (non-deletion, ND) (Table 2.4). 

Genomic DNA was amplified using GoTaq Green Master Mix (Promega) (Section 

2.4.5). Single cell clones that screened positive for genomic deletion were confirmed 

using Sanger sequencing. The deletion product from the bulk sample was also analysed 

using Sanger sequencing. 

4.2.6 Flow cytometry 

Cells (1 × 106 cells) were harvested and washed with cold staining buffer (PBS with 5% 

FBS (v/v)) at 300 × g for 5 min at 4°C. For surface staining, cells were resuspended in 

90 μL staining buffer and incubated with 10 μL of anti-human CD21-PE (BD 

Bioscience), anti-human CD55-PE (Thermo Fisher Scientific) or IgG1κ-PE isotype 

control (BD Bioscience) for 20 min on ice. After incubation, cells were washed and 

resuspended in 0.5 mL staining buffer and processed using a BD Accuri C6 flow 

cytometer (BD Bioscience).  Data was analysed using FlowJo software V10.8.0 (Tree 

Star). Samples were run alongside unstained controls. 
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4.2.7 Protein extraction 

For Western blots, total protein was extracted from cultured cells using RIPA buffer. 

Cells were harvested by centrifugation and washed at 300 × g for 5 min at 4°C. The cell 

pellet was resuspended in 10 μL RIPA lysis buffer (150 mM NaCl, 1% (v/v) NP-40, 

0.5% (v/v) sodium deoxycholate, 0.1% (v/v) SDS, 25 mM Tris) with 1X protease 

inhibitor cocktail (PIC) per 1 × 106 cells and incubated on ice with rocking. After 

incubation, cells were centrifuged at 16,000 × g for 20 min at 4°C and the protein 

supernatant collected. The Pierce™️ BCA Protein Assay Kit (Thermo Fisher Scientific) 

was used to quantify protein concentration according to the manufacturer’s 

specifications. Absorbance at 560 nm for the protein samples and standards was 

measured using the GloMax® Luminometer (Promega) and a four-point, quadratic 

standard curve was used to determine protein concentration. Following quantification, 

protein samples (10 μg) were prepared for Western blot using NuPAGE™️ LDS Sample 

Buffer (Thermo Fisher Scientific) according to the manufacturer’s specifications with 

RIPA lysis buffer and PIC. To fully denature proteins, samples were heated to 95°C for 

5 min and then cooled on ice for 5 min. This step was repeated to ensure sufficient 

denaturation. Samples were stored at -20°C for short-term storage and -80°C for long-

term storage.  

4.2.8 Western blot 

Protein samples with LDS sample buffer and Spectra™️ Multicolor Broad Range Protein 

Ladder (Thermo Fisher Scientific) were loaded onto a 12- or 15-well NuPAGE™️ 4 – 

12%, Bis-Tris Protein Gel (Thermo Fisher Scientific) with 1X MES SDS Running 

Buffer and 500 μL NuPAGE™️ Antioxidant in a XCell Surelock Mini-Cell 

Electrophoresis System (Invitrogen). Gels were run at 135 V for 1 h. Following 

electrophoresis, proteins were transferred to a PVDF membrane using the Trans-Blot® 

Turbo™️ Transfer System and RTA Transfer Kit (Bio-Rad) using the ‘Mixed MW’ 

setting. To examine transfer efficiency, gels were stained with Coomassie Brilliant blue 

gel staining solution (0.25% Coomassie Brilliant blue R-250 dye (v/v), 50% methanol 

(v/v), 10% acetic acid (v/v)) at room temperature for 30 min, then washed with 

Coomassie gel destaining solution (50% methanol (v/v), 10% acetic acid (v/v)) 

overnight. The PVDF membrane was blocked with 5% skim milk in TBST (1X Tris-

Buffered Saline, 0.1% Tween® 20 Detergent (w/v)) for 1 h at room temperature. 

Membranes were then blotted with recombinant rabbit monoclonal CD21 antibody 

(Thermo Fisher Scientific) at a dilution of 1:1000 or mouse monoclonal β-actin 
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antibody (Sigma Aldrich) at a dilution of 1:10,000 in 1% skim milk with TBST for 12 – 

16 h at 4°C with rocking. After incubation, the blotted membrane was washed three 

times with TBST for 5 min. Washed membranes were blotted with anti-rabbit (Cell 

Signalling Technology) or anti-mouse (Cell Signalling Technology) IgG HRP-linked 

secondary antibody at a dilution of 1:1000 for 1 h at room temperature with rocking. 

Botted membranes were washed with TBST three times. Pierce™️ ECL Western 

Blotting Substrate (Thermo Fisher Scientific) was used to detect protein bands on the 

membrane according to the manufacturer’s specifications and imaged using ChemiDoc 

XRS+ Imager (Bio-Rad). 

4.2.9 Statistical analysis 

Differences in transcriptional activity, mRNA expression and mean fluorescence 

intensity were assessed using Student’s unpaired t-test with a confidence interval of 

95% (p < 0.05). Statistics and graphs were generated using GraphPad Prism version 7.0 

(GraphPad). Graphed values represent the mean ± SEM of at least three independent 

experiments.
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4.3 Results 

4.3.1 Putative enhancers in the RCA cluster are likely to co-regulate multiple genes 

Multiple lines of evidence suggest that members of the RCA gene cluster are 

transcriptionally co-regulated in the B cell lineage by the action of long-range 

enhancers. To identify putative enhancers in the RCA, we leveraged a well-known 

enhancer database called GeneHancer244. This database integrates enhancer datasets 

from multiple consortium-based projects and other functional datasets to generate 

enhancer predictions and identify potential gene targets244. Confidence scores for each 

enhancer prediction (GeneHancer score) and enhancer-gene prediction (gene-

association score) were computationally assigned, based on the level of evidence 

retrieved. A strength of this database is that predicted enhancers may be classified as 

“double elite” if both their GeneHancer and gene-association scores were derived from 

more than one source of data, thus representing a prediction which is more likely to be 

functional244. Numerous predicted enhancers on GeneHancer were identified across 

TAD 1 and TAD 2, but only a subset of these were classified as “double elite” (Figure 

4.2B, Table 4.2) 

Enhancers are known to regulate cell type-specific gene expression and act by looping 

to their target gene promoters220. To identify enhancers that were most likely to be 

active in B cells, we examined epigenetic marks characteristic of enhancers, such as 

H3K27ac and DNase I hypersensitivity (DHS) within the candidate region. We 

identified four putative B cell enhancers (BENs) in TAD 1 that showed strong 

consistent H3K27ac enrichment and DHS in both B cell lines and primary B cells 

(Figure 4.2C). These candidate enhancers were located within CD55 (BEN-1) or the 

intergenic region between CD55 and CR2 (BEN-2, BEN-3 and BEN-4) (Table 4.2). 

Furthermore, each BEN contained binding sites for numerous B cell transcription 

factors (based on ENCODE ChIP-seq data), such as early B cell factor 1 (EBF1)247 and 

PAX5248, as well as general regulatory factors (eg. EP300, CTCF and RNA polymerase 

II) (Table 4.2). The four BENs identified were supported by multiple lines of evidence 

to be active enhancer elements in B cells and were prioritised for further functional 

characterisation. 

Predicted enhancers on GeneHancer were assigned putative gene targets using multiple 

methods and datasets.  These included eQTL analysis, enhancer-promoter interactions 

generated by CHi-C in the GM12878 cell line and eRNA-mRNA co-expression from 
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Figure 4.2: Identification of putative B cell enhancers in the RCA gene cluster. 

A. Structural organisation of the RCA genes (dark blue) and upstream genes (grey) PIGR, FCAMR, 

C1orf116 and YOD1 on hg19 (chr1:207,104,491-207,978,031). 

B. Putative enhancers were identified using GeneHancer as well as multiple datasets from different 

consortia, such as ENCODE, Ensembl and FANTOM5 (GeneHancer). Each putative enhancer was 

assigned predicted gene targets based on one or more methods (All). Only a subset of putative 

enhancers were classified as ‘double elite’ on GeneHancer (Double elite). 

C. Four candidate B cell enhancers (yellow) were identified using ENCODE data for H3K27ac 

enrichment and DNase I hypersensitivity (DHS) in different B cell samples (GM12878 B cell line 

and primary peripheral blood B cells).  

D. Candidate B cell enhancers were predicted to regulate multiple genes. Target gene predictions that 

were identified by more than one method in GeneHancer are represented by a solid line. Predictions 

that were identified by just one method are represented by a dotted line. The opacity of each line 

represents the relative score/confidence for each gene-enhancer prediction as determined by 

GeneHancer whereby higher confidence predictions are darker.  

E. CD55, CR2 and CR1 (exon 1 – 6) on hg19 (chr1:207,484,047-207,700,935). Candidate B cell 

enhancers (BEN) were named based on order of chromosomal position (BEN-1, BEN-2, BEN-3 and 

BEN-4). 
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the FANTOM5 Enhancer Atlas222,241,244. Each candidate BEN was predicted to regulate 

multiple genes, including RCA genes (C4BPA, CD55, CR2, CR1 and CD46) and non-

RCA genes (PIGR, FCAMR, C1orf116) (Figure 4.2D). However, only interactions 

between BEN-1 and CD55, BEN-2 and CR2, and BEN-3 and CR2, represented high-

confidence (“elite”) associations, whereby the interactions were identified by more than 

one contrasting method (Figure 4.2E). Furthermore, only BEN-1 was predicted to 

regulate a gene (CD46) located downstream of the intragenic TAD boundary in CR1 

(Figure 4.2D). However, this predicted interaction had the lowest score among all gene-

enhancer predictions for these BENs (Table 4.2). Although these gene-enhancer 

interactions were based on bioinformatic predictions, this highlighted the potential for 

the RCA genes to be co-regulated in B cells. 

4.3.2 Candidate B cell enhancers in the RCA gene cluster were functional in vitro 

To test the functionality of candidate enhancers in vitro, we performed luciferase 

reporter gene assays using a constitutive minimal promoter (SV40) to drive luciferase 

expression. Where possible, candidate enhancer regions were amplified based on their 

enrichment of chromatin marks characteristic of active enhancers, such as H3K27ac and 

DHS (Figure 4.3). Each BEN was cloned upstream of the SV40 promoter in both 

forward and reverse orientation and their transcriptional potential assayed in a panel of 

B cell lines (Reh, Raji, B-0028, SKW) and a non-B cell control (HepG2, liver cell-type) 

(Figure 4.4).  

Interestingly, transcriptional activity patterns of BEN-1A, BEN-1B and BEN-3 were not 

consistent with that of an active enhancer. The transcriptional activity of these putative 

enhancers were unchanged or reduced relative to the control (pGL3-P, no enhancer) 

across the B cell lines, the latter indicative of silencer activity (Figure 4.4). BEN-4 

displayed enhancer activity in B cell lines but the relative increase in transcriptional 

activity was only significant in the SKW cell line and in the reverse orientation (p = 

0.0368, n = 3). (Figure 4.4). In contrast, BEN-2 significantly increased luciferase 

activity by approximately 3-fold relative to the control in SKW, in both forward (p = 

0.0219, n = 3) and reverse orientation (p = 0.0436, n = 3), and by 1.5-fold in Raji in the 

forward orientation (p = 0.0003, n = 4) (Figure 4.4). Notably, transcriptional activity of 

BEN-2 was significantly decreased by 50% in the non-B cell line control (HepG2) in 

both enhancer orientations (forward p = 0.0321, n = 4; reverse p = 0.0255, n = 3) 

(Figure 4.4). Together, these data indicated that BEN-2 was the most likely candidate 

enhancer to be functionally active within the B cell lineage. 
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Figure 4.3: Strong candidate enhancers from GeneHancer were cloned for luciferase reporter-gene assays. 

Strong candidate enhancers determined using GeneHancer were refined based on ChIP-seq data for histone marks (H3K4me3, H3K4me1 and H3K27ac) and DNase I 

hypersensitivity (DHS) in the GM12878 B lymphoblastoid cell line from ENCODE. Putative enhancer regions (yellow) were cloned into plasmids for luciferase reporter-gene assays 

and the genomic size of each putative enhancer (BEN) is listed. The large putative enhancer region contained within CD55 was stratified into two distinct regions (BEN-1A and 

BEN-1B) and encompass differing histone modifications.  BEN-1B contained greater enrichment of the H3K27ac active enhancer mark and DHS than BEN-1B
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Figure 4.4: Transcriptional activity of putative B cell enhancers in a panel of B cell lines. 

Transcriptional activity of putative B cell enhancers (BEN-1A, BEN-1B, BEN-2, BEN-3 and BEN-4) 

were assessed in forward (blue) and reverse (orange) orientation using a pGL3-Promoter (pGL3-P) 

vector. Bars represent mean relative luciferase activity (± SEM) after normalisation to the pGL3-P control 

vector for each cell line (n = 3 – 10). Within the B cell subset, cell lines are listed in order of 

representative developmental stage; pre-B (Reh), mature B (Raji and B-0028) and terminally 

differentiated plasma cell (SKW), respectively. Asterisks above each bar represent statistically significant 

differences between normalised values and the pGL3-P control value (* p < 0.05). Dotted line at y = 1 

represents normalised pGL3-P control value.
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4.3.3 CRISPR deletion of an intergenic B cell enhancer (BEN-2) decreased CR2 and 

CD55 expression at the transcript level 

As reporter gene assays remove regulatory elements from their genomic context, which 

is an important aspect of enhancer function217, we sought to assess the functional 

activity of BEN-2 in vivo. We wished to confirm the predicted gene targets of BEN-2 

identified via GeneHancer, including CD55 and CR2 which directly flank the enhancer 

(Figure 4.2). CRISPR deletion components were delivered using a plasmid-based 

method into the Raji mature B cell line. This cell line expresses CD55, CR2 and CD46. 

CR1 is not expressed in Raji at levels detectable by qPCR (Figure 4.5A).  This is in 

contrast to primary B cell samples (Figure 3.6) and other B lymphoblastoid cell lines, 

such as B-0028 (Appendix Figure 1A). To efficiently delete the BEN-2 region, we 

modified the PX458 CRISPR plasmid to express two gRNA sequences that cut either 

side of BEN-2 (Figure 4.5B). The CRISPR plasmids, containing a GFP marker, were 

delivered into Raji cells and successfully transfected GFP-positive cells were enriched 

by FACS. Successful enhancer deletion within the enriched cell populations was 

confirmed using PCR analysis (Figure 4.5B).  

CRISPR deletion of BEN-2 with g1g2 significantly decreased CR2 transcript abundance 

to approximately 30% of wild-type (WT) levels (p = 0.0184, n = 3) and CD55 to 

approximately 50% of WT levels (p = 0.0167, n = 3) (Figure 4.5C). A no-guide (NG) 

construct expressing only Cas9 and GFP resulted in neither enhancer deletion (Figure 

4.5B) nor significantly altered mRNA expression of these genes compared to wild-type 

Raji cells (WT) (Figure 4.5C). To account for potential off-target effects with g1g2, we 

repeated the deletion using an additional pair of guide sequences (g3g4). Similar to the 

altered transcript abundance with deletion of BEN-2 using g1g2, expression of CR2 and 

CD55 were both decreased in the enriched g3g4 population in comparison to WT. The 

decrease in CR2 expression was less extensive with g3g4 (approximately 60% of WT 

levels), but this was still significant compared to the NG control (p = 0.0213, n = 3). 

Expression of CD55 was significantly reduced to similar levels in both g1g2 and g3g4 

enriched populations (g3g4 p = 0.0281, n = 3). We also measured transcript abundance 

of CD46, which was not predicted to be targeted by BEN-2 on GeneHancer and located 

to the neighbouring TAD (Figure 4.2). Enhancer deletion with either guide combination 

did not alter CD46 transcript abundance (Figure 4.5C). These data confirmed that the 

CRISPR methodology utilised was able to efficiently generate large genomic deletions. 
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These data also strongly indicate that BEN-2 is a functional enhancer that regulates 

CD55 and CR2 within the endogenous cellular context. 

To confirm the data from the bulk population of CRISPR deleted cells and to determine 

the full impact of the enhancer on CR2 and CD55 transcription, we sought to attain a 

single-cell clone containing a homozygous BEN-2 deletion. To this end, we expanded 

the polyclonal g1g2 GFP+ bulk population (hereby referred to as ‘bulk’) and performed 

single cell cloning by limiting dilution. We expanded and screened five single cell 

clones using the PCR (Figure 4.6) strategy described previously. Despite the small 

number of clones attained, one clone amplified a product with the deletion (D) primers 

but not with the non-deletion (ND) primers, indicating that it possessed a homozygous 

deletion of the enhancer (Figure 4.6). We confirmed the genotype of this clone using 

Sanger sequencing (henceforth referred to as ‘del/del’) (Figure 4.7).  

Unsurprisingly, the proportion of cells containing the enhancer deletion in the bulk 

sample was lower than the del/del, as shown by their relative PCR amplicon intensity 

(Figure 4.8A). Remarkably, the homozygous deletion of BEN-2 in Raji cells (del/del) 

significantly decreased both CR2 transcript abundance to 8% relative to WT levels (p = 

0.0034, n = 3) and CD55 transcript abundance to approximately 18% of WT levels (p = 

0.0039, n = 3) (Figure 4.8B). Expression of these transcripts was also significantly 

decreased in the del/del population relative to the bulk population (CR2, p = 0.0041, n= 

3; CD55, p = 0.0009, n= 3), with the bulk samples expression level of CR2 and CD55 

falling intermediate to the WT and del/del samples (Figure 4.8B). The homozygous 

enhancer deletion did not alter CD46 transcript abundance (Figure 4.8B). Taken 

together, these data confirm that BEN-2 is a functional enhancer in B cells and plays an 

important role in maintaining CR2 and CD55 expression in the mature B cell lineage.
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Figure 4.6: Single cell clones from the CRISPR deletion experiment were screened for full BEN-2 

deletion using PCR.  

Single cell clones from the GFP+ bulk population were expanded, DNA extracted and PCR screened. 

Screening was performed using the non-deletion (ND) and deletion (D) PCR primers previously 

described. Single cell clones containing a homozygous deletion of the enhancer region produce an 

amplicon with the D primers, but not with the ND primers. Conversely, single cell clones containing no 

enhancer deletion produce an amplicon with the ND primers, but not the D. A cell line heterozygous 

enhancer deletion would produce an amplicon with both the ND and D primers. Across the five single 

cell clones screened, PCR indicated that Clone 1 contained a homozygous deletion, Clone 5 contained a 

heterozygous deletion and the other Clones did not contain an enhancer deletion. A 100 bp ladder (NEB) 

and no template control (NTC) were run on the gel.
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Figure 4.7: Sanger sequencing of deletion amplicon from BEN-2 CRISPR clone confirms 

homozygous deletion. 

A. Schematic of the BEN-2 deletion strategy and primer design to conduct initial PCR screen of 

CRISPR clones. 

B. Sanger sequencing chromatograms of the deletion product sequenced using the reverse primer 

(reverse-complement chromatograms are shown). Sequencing of the deletion product from the 

polyclonal bulk population revealed a region in close proximity to the predicted cut site containing 

multiple peaks, indicating that numerous alleles are present in the population. In contrast, the deletion 

product amplified from the monoclonal del/del population resulted in only single or double peaks, 

indicating that only two different alleles are present. 

C. Sequence comparison of the predicted deletion amplicon and del/del clone confirmed the identity of 

the deletion product and successful homozygous deletion of the BEN-2 region. Poly Peak Parser249 

was used to call the sequence of double peaks in the Sanger chromatogram and the sequence was 

manually examined to determine the resulting genotype. Indels which differed by one nucleotide 

were identified, which resulted in the double peaks after the Sanger sequencing. PAM: protospacer 

adjacent motif. 
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4.3.4 CRISPR deletion of an intergenic B cell enhancer (BEN-2) decreased CR2 and 

CD55 expression at the protein level 

As CR2 and CD55 transcript levels were significantly decreased with a homozygous 

BEN-2 deletion in the Raji cell line, we sought to determine if surface protein 

expression of these important immune receptors was concomitantly affected. We used 

flow cytometry to assess CR2 surface expression in the bulk and del/del populations. 

CR2 expression was decreased in the del/del and bulk samples compared to WT 

controls (Figure 4.9). Specifically, the mean fluorescence intensity (MFI) of the CR2-

PE marker was significantly decreased approximately 3-fold in the del/del population 

relative to the WT control (p = 0.0257, n = 3) (Figure 4.9A, Figure 4.9B). As this 

difference was profound, we also measured total protein expression of CR2 in the 

samples using Western blot. Accordingly, the homozygous deletion of BEN-2 resulted 

in a stark decrease in total CR2 protein expression compared to the WT (Figure 4.9C). 

CR2 total protein expression was also decreased in the bulk sample relative to WT, but 

to a lesser extent than the del/del sample (Figure 4.9C). 

To assess CD55 surface expression across the samples, flow cytometry was performed 

using a CD55 antibody. This antibody was validated using two cell lines known to 

express CD55; K562 (erythroid) and Ramos (mature B) (Figure 4.10). In these cell 

lines, 80-100% of cells were CD55-positive (Figure 4.10). However, surface staining of 

WT Raji cells with this CD55 antibody revealed that only 2-3% of the population were 

CD55-positive (Figure 4.9). Nonetheless, CD55 surface expression within this 

population was significantly decreased in the del/del population to approximately 75% 

of WT levels (p = 0.074, n = 3) (Figure 4.9B). Intriguingly, homozygous deletion of 

the enhancer saw a small but reproducible increase in the proportion of CD55-positive 

cells in the population; from 1.93% in the WT to 2.12% in the bulk sample and 3.02% 

in the del/del sample (Figure 4.9D). These data show that the reduction in CR2 and 

CD55 transcript levels due to the deletion of BEN-2 concomitantly reduced protein 

levels in Raji cells
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Figure 4.9: Deletion of BEN-2 in the Raji cell line demonstrates reduced CR2 and CD55 protein 

expression.  

A. Cell surface expression of CR2 and CD55 protein of WT, bulk and del/del samples was determined 

using flow cytometry. Cells were labelled with PE-conjugated CR2, CD55 or IgG antibody. Samples 

were also run alongside unstained controls (not shown). For each sample, 10,000 events were 

collected. Results were consistent across three biological replicates. 

B. Mean fluorescence intensity (MFI) of samples stained with CR2-PE or CD55-PE . Bars represent 

mean MFI ± SEM from 3 biological replicates. Asterisks represent statistically significant differences 

between WT, bulk and del/del samples (*p < 0.05, **p ≤ 0.01). 

C. Total protein expression of CR2 was assessed using Western blot. Protein (10 μg) was loaded and 

blotted with a CR2 and β-actin antibody. Results were consistent across three biological replicates. 

Samples were run alongside a no protein (NP) control. 

D. Dot plot from flow cytometric analysis of samples stained with PE-conjugated CD55 antibody as 

shown in A. CD55-positive gate was set using the unstained control. 
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Figure 4.10: CD55 surface expression on K562 (A) and Ramos (B) cell lines can be detected with 

flow cytometry using the CD55-PE antibody. 

Cells were labelled with PE-conjugated CD55 antibody (dark grey) or IgG (isotype control, dotted line) to 

confirm CD55-positive expression. Samples were also run alongside unstained controls (light grey). For 

each sample, 10,000 events were collected. Results were consistent across three biological replicates.
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4.4 Discussion 

In this study, we have identified for the first time, an intergenic enhancer (BEN-2) in the 

RCA gene cluster that controls expression of two RCA genes (CR2 and CD55). We 

used multiple lines of evidence to show that BEN-2 is an active and functional enhancer 

in the B cell lineage and provide experimental evidence for the occurrence of 

transcriptional co-regulation at this locus. 

4.4.1 The RCA gene cluster harbours a network of enhancer-gene interactions 

Numerous candidate enhancers have been identified using bioinformatic databases 

across the genome, including within the RCA gene cluster. These were leveraged using 

the GeneHancer database which has been widely utilised for investigating the role for 

non-coding mutations250,251 and characterising regulatory elements within TADs252,253. 

We critically examined these data and systematically identified strong candidate 

enhancers for experimental analysis.  We focused on a specific cellular context as 

enhancers are recognised as highly cell and tissue type-specific220. This was greatly 

assisted by the vast catalogues of epigenetic data (TF binding, chromatin accessibility 

and histone modifications) identified in primary B cell samples and B lymphoblastoid 

cell lines (such as GM12878)223,254.  

Several interesting observations were uncovered by exploring publicly available 

bioinformatic datasets. Of note, all strong candidate B cell enhancers were located in 

TAD 1 of the RCA gene cluster, despite TAD 2 (350 kb) being only slightly smaller in 

size than TAD 1 (450 kb). While this might be coincidental, the localisation of strong 

candidate enhancers in TAD 1 may have biological relevance. While the TADs in the 

RCA gene cluster are similar in size, they differ in gene density; TAD 1 comprises two 

large intergenic regions (approximately 180 kb between C4BPB and CD55, and 90 kb 

between CD55 and CR2), while TAD 2 is more gene-dense with smaller intergenic 

regions. The term ‘gene desert’ has been used to describe intergenic regions flanking 

gene clusters as they often contain enhancers and other long-range regulatory 

elements192,255. Therefore, the intergenic regions in TAD 1 may have emerged as a 

consequence of a requirement for co-regulation in the RCA gene cluster and thus are 

inherently hotspots for enhancers. Importantly, we found that only one strong candidate 

B cell enhancer was predicted to cross the TAD boundary and potentially regulate a 

gene in the adjacent TAD (BEN-1 and CD46), supporting our finding that the RCA 

gene cluster is divided into two TADs.  
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In addition, we previously showed that TAD 1 contains a network of long-range CTCF-

mediated chromatin looping in B lymphoblastoid cell lines, whereas chromatin looping 

was limited in TAD 2 (Chapter 3). While the classic model of enhancer function shows 

that these elements require direct contacts, chromatin looping elements surrounding 

enhancers and genes are also involved in influencing gene regulation256. Therefore, the 

presence of active enhancers in TAD 1 may be due to the availability of active 

chromatin looping. This does not exclude the possibility of enhancers existing in TAD 

2. While marks for active B cells enhancers were absent in TAD 2, this region might 

harbour active enhancers in cell types other than B cells. However, this was outside the 

scope of the current study.  

4.4.2 Strong candidate B cell enhancers possessed regulatory potential 

The strong candidate enhancers we identified all demonstrated regulatory activity in 

luciferase assays but with differing effects. Intriguingly, two out of the four candidate 

enhancer sequences (BEN-1 and BEN-3) significantly decreased transcriptional activity 

of the luciferase reporter construct across several B cell lines, indicating that these 

elements may be acting as silencers. Silencers are distal regulatory elements which 

decrease gene expression by providing binding sites for transcriptional repressors257,258. 

While numerous B cell LDTF were identified at each of these regions, we also noted 

known repressors were also located here, such as YY1, EZH2 and BCL11A259.  These 

known repressors were not located within the other candidate enhancers. Interestingly, it 

is clear that transcriptional activators may also act as repressors, such as the lymphoid 

transcription factor E47-like factor 1 (ELF1), which has been shown to upregulate IgH 

expression in B cells but downregulate interleukin-2 receptor alpha (IL-2Rɑ) in T 

cells260,261. This may explain the discrepancy between the bioinformatic and 

experimental results. It has also been recognised that some silencers may be 

bifunctional and act as enhancers in different cellular contexts262 or within the same cell 

type263. Consequently, our results may be due to an incomplete representation of the cell 

stage or conditions in which the candidate enhancers function. The silencer-like 

candidate enhancer regions we identified here require further experimental investigation 

to gain clarity on their biological function. 

BEN-2 exhibited the greatest enhancer effect on transcriptional activity in the reporter 

gene assays of all the candidate regions assessed. We note that this enhancer region was 

not consistently upregulated to a significant level across all the B cell lines studied. This 

may be accounted for by the different representative stages of B cell development of 
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each of these cell lines; pre-B (Reh)264, mature B (Raji and Ramos)265 and terminally 

differentiated plasma (SKW)266. Our finding that the transcriptional activity of BEN-2 

was significantly decreased in a non-B cell line (HepG2) indicates that B cell-specific 

factors are largely involved in its function. Indeed, BEN-2 is shown to be bound by B 

cell LDTFs including SP1, Ikaros and EBF1 in ENCODE ChIP-seq data267. In addition, 

we noted differences in the transcriptional effect of BEN-2 in the forward and reverse 

orientation, indicating that the function of this regulatory region is orientation-

dependent. While stated in its classic definition of enhancers, not all candidate 

enhancers have been shown to function independently of orientation, both for individual 

loci268 and in large-scale massively parallel reporter assays269. Our findings support the 

relatively new perspective on enhancer functioning and highlight the importance of 

examining candidate enhancers in reporter gene assays in multiple orientations. Without 

comprehensively examining the BENs, the regulatory potential of these regions would 

not have been fully uncovered.  

4.4.3 BEN-2 is a functional enhancer that regulates CR2 and CD55 

We confirmed that BEN-2 is a functional enhancer by performing genomic deletion of 

the region using CRISPR in a mature B cell line (Raji). Despite only modestly 

increasing the transcriptional activity of the luciferase reporter gene in our in vitro 

analyses (1.5-fold of WT levels), homozygous deletion of BEN-2 in this cell line had a 

profound effect on gene expression, reducing WT mRNA expression of CR2 and CD55 

10- and 5-fold, respectively. This disparity is likely due to the nature of reporter genes 

assays themselves, which transiently introduce enhancer elements as exogenous 

elements on plasmids without their native genomic context and alongside a 

heterologous promoter (SV40). Therefore, the BEN-2 enhancer may require additional 

signals, such as chromatin modifications or chromatin looping, for its effect to be fully 

exerted. 

We corroborated our enhancer deletion findings by using a number of experimental 

controls. This included the bulk samples (g1g2 and g3g4) and a NG control to ensure 

that our results were not confounded by potential off-target effects of the guides 

selected or Cas9 expression, respectively. We confirmed that a proportion of the cells 

within the bulk population contained the full enhancer deletion using qualitative PCR 

and infer that the remaining cells contain either small indels and inversions, as has been 

widely reported as the consequence of Cas9 double-stranded cuts270,271. Nonetheless, the 

combination of edits in the bulk samples also resulted in a significant decrease in gene 
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expression: a 3- and 2-fold reduction in CR2 and CD55 mRNA expression, respectively 

(using g1g2). Genomic enhancer deletion did not affect the expression of CD46, which 

was not predicted to be targeted by this enhancer on GeneHancer and also located to a 

different TAD. This data is in line with the enhancer-gene insulating function of these 

domains152. To note, BEN-2 was also predicted to regulate CR1 based on CHi-C 

interactions, but we were unable to confirm this using our cell line model. 

In accordance with our mRNA expression data, we found that protein expression of 

both CR2 and CD55 was also reduced. Both CR2 and CD55 are cell-surface proteins; 

CR2 encodes a transmembrane domain while CD55 lacks a transmembrane domain and 

is anchored to the cell membrane via a post-translational mechanism 

(glycosylphosphatidylinositol (GPI)-anchoring)16,272. While the reduction of CR2 was 

noted at both the total protein and surface expression levels, the effect on CD55 protein 

was not as clear. This was because CD55 was not highly expressed at the surface level 

in the Raji cell line model we utilised. We were only able to identify approximately 3% 

of the population as CD55-positive. Distinct clonal populations of Raji cells with 

differing CD55 surface protein expression have been previously reported273. 

Importantly, in a study by Harris and Morgan, it was reported that a CD55-negative 

clone of Raji still had detectable levels of CD55 mRNA, suggesting that this clone may 

have altered translational or post-translational mechanisms273.  

Our results showed that the population of cells which contained the homozygous 

deletion of BEN-2 had reduced CD55 overall (MFI) in comparison to WT. However, 

the proportion of cells that were CD55-positive was increased relative to WT and the 

bulk population. This increase in the number of positive cells was small but consistent 

across three biological replicates. We ensured the validity of the CD55 antibody using a 

panel of cell lines known to be CD55-positive. These data suggest that a compensatory 

mechanism may have been triggered as a result of reduced CD55 transcription in a 

proportion of cells. Indeed, protein localisation is known to be driven by changes in the 

concentration of protein or the functional requirements of cells274, but an increased 

number of CD55-positive cells was somewhat unexpected. These observations may be 

explained by mechanisms independent of the transcriptional regulation of CD55, such 

as altered post-transcriptional mechanisms, increased relative protein translation and/or 

post-translational processesing274. Soluble forms of CD55 have also been detected in 

blood, speculated to be generated through alternative splicing275,276.  
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In conclusion, we thoroughly explored enhancers in the RCA gene cluster and layered 

evidence, both bioinformatic and experimental, to successfully uncover a functional 

enhancer element (BEN-2). Of the members of the RCA gene cluster, the transcriptional 

control of CR2 has been the most extensively characterised (see Section 1.4.3). In 

addition to its role in complement inhibition, CD55 has been shown to be 

downregulated on germinal B cells to prime them for complement-dependent 

phagocytosis26. However, the transcriptional mechanisms regulating CD55 expression 

in B cells have not yet been explored. Our results further the understanding of the 

transcriptional regulation of CR2 and CD55, and show that their expression is controlled 

by a functional long-range enhancer element. In addition, we identified the location of 

several promising regions within the RCA gene cluster that may uncover additional co-

regulatory mechanisms controlling the RCA cluster genes.
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CHAPTER 5 

CR2 expression is dysregulated by 

EBNA2 in B cells via the CR2 promoter 

and BEN-2 enhancer  



 

 117 

5.1 Introduction 

5.1.1 EBV: The ‘everybody virus’ 

Epstein-Barr virus (EBV) is a highly disseminated human γ-herpesvirus, infecting more 

than 90% of the adult population277. Infection with EBV can cause infectious 

mononucleosis, predominantly in early adolescents but symptoms of EBV infection are 

frequently non-existent or mild in young children278. EBV was initially discovered in 

cells of a patient with Burkitt’s lymphoma, but has since been shown to be the cause of 

many other cancers, including Hodgkin’s lymphoma, diffuse large B cell lymphoma and 

nasopharyngeal carcinoma91. EBV is also known to cause primary immunodeficiency 

and has been associated with a range of autoimmune diseases, including SLE (Section 

1.5.1)89.  

EBV has an outer lipid envelope embedded with several viral membrane glycoproteins 

(gP) and an inner viral capsid which contains its double-stranded DNA genome of 

approximately 172 kb279. EBV is spread through saliva, predominantly infecting host 

epithelial cells and B cells. The infection of B cells is the best characterised process of 

EBV infection. In this cell type, EBV infection is mediated by the binding of gP350/220 

of EBV to CR247,280. Upon binding, the virus enters the B cell via endocytosis followed 

by fusion of the viral membrane with the vesicle280.  

5.1.2 Process of EBV infection 

In humans, EBV primary infection proceeds initially in epithelial cells in the 

oropharynx, where initial replication occurs (lytic infection).  In approximately 80% of 

individuals, primary infection occurs without any apparent illness281. Lytic EBV 

infection is a complex process which involves the sequential expression of more than 60 

proteins, including transcriptional activators and structural components, to produce new 

viral particles90. This leads to high levels of viral shedding that can spread to local B 

cells in the oropharyngeal lymphoid tissue and initiate their growth-transforming 

program, allowing the B cells to continue to survive and proliferate (Figure 5.1).  

In order to evade the host immune response, EBV downregulates its growth-program 

and enters the memory B cell pool where the virus can persist over the lifetime of an 

individual as a latent infection. Latently infected B cells do not produce viral particles, 

but the EBV genome is maintained as a circular episome in the cell nucleus of these 
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Figure 5.1: The germinal centre (GC) model of Epstein-Barr virus (EBV) infection. 

EBV is transmitted through saliva and infects epithelial cells via binding of the EPHA2 receptor. EBV is 

replicated in epithelial cells and sheds into oropharyngeal lymphoid tissues. Here, EBV can spread to 

local naïve B cells by binding CR2, which leads to cell activation (lymphoblast) and latency type III. 

Lymphoblasts enter the GC where they enter latency type II and proliferate. EBV-infected GC cells can 

enter the memory B cell pool and persist in the host circulating through peripheral blood. Occasionally, 

EBV-infected memory and GC B cells may differentiate into plasma cells where they can express viral 

particles (lytic infection).
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cells typically at approximately 10 copies per cell91. The EBV genome can also be 

replicated so that viral genome copy number is maintained through cell division91. It is 

estimated that approximately 0.01% of an individual’s B cells are latently infected and 

the EBV load in carriers is very low282. Intermittently, infected memory B cells can 

switch back into the lytic cycle. Switching of the EBV life cycle is driven by the 

delicate balance between host immune response and the reactivation of infected cells. 

Indeed, EBV infection elicits an immune response through helper T cells, antibody 

production and the activation of NK cells. These responses neutralise the reactivated 

cells and force EBV back into latency. However, the mechanism driving reactivation of 

latent cells is not well understood90,279.  

There are two models that describe the process by which EBV enters the memory B cell 

pool; the direct infection model and the GC model. The direct infection model suggests 

that EBV directly infects memory B cells283. In the GC model (Figure 5.1), EBV infects 

naïve B cells which leads to activation, proliferation (lymphoblast) and entry into the 

GC284. Therein, EBV-infected GC B cells can enter the memory B cell pool where they 

no longer express EBV antigens and circulate through peripheral blood. EBV-infected 

GC and memory cells may also terminally differentiate into plasma cells that shed viral 

particles284 (Figure 5.1). 

5.1.3 EBV latency is established in memory B cells and LCLs 

EBV has the unique ability to immortalise resting B cells in vitro and convert them to 

continuously growing lymphoblastoid cell lines (LCLs).  These LCLs have been 

instrumental tools in studying EBV latency and in other areas of biomedical research285. 

Latently infected B cells express several proteins and non-coding RNAs to sustain 

latency; nine different latent proteins, five EBV-encoded nuclear antigens (EBNA, 1, 2, 

3A, 3B and 3C), three latent membrane proteins (LMP, 1, 2A and 2B), two EBV-

encoded small RNAs (EBER, 1 and 2) and miRNAs286. In vitro, four different latency 

types (0, I, II and III) have been distinguished, each with their own unique combination 

of viral RNAs and proteins287 (Table 5.1). The GC model of B cell infection is also 

marked by different latency types (Figure 5.1). Latency type 0 infected B cells do not 

express EBV antigens while type III expression allows infected cells to continuously 

proliferate. Latency III is the predominant type observed in LCLs, which are also 

marked by a characteristic cellular phenotype, including high levels of expression of B 

cell activation markers, such as the human low-affinity Fc epsilon receptor II (FCER2, 

CD23). These markers are either absent or expressed at low levels in uninfected resting 
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B cells288. These data suggest that EBV immortalisation is mediated through the same 

cellular pathways that drive B cell proliferation288. Importantly, EBNA2, EBNA3C and 

LMP1 are essential viral effectors required for the establishment of LCLs289-291.  

5.1.4 EBNA2 is a viral activator which interacts with cellular RBPJκ sites 

EBNA2 is a potent transcription factor and is one of the first proteins expressed upon 

EBV infection in latency type III. As EBNA2 lacks a DNA-binding domain, it 

physically interacts with adaptor molecules such as DNA-binding protein recombination 

signal binding protein for immunoglobulin κ J region (RBPJκ, also known as CBF1). 

The interaction of EBNA2 and RBPJκ has been well characterised292,293.  

RBPJκ constitutively binds to regulatory elements across the genome and functions as a 

scaffold for intracellular Notch (ICN) in the highly conserved Notch signalling 

pathway294. Indeed, EBNA2 is considered to be a viral mimic of Notch as their 

activation of target genes are partially interchangable295,296. Activated Notch has also 

been shown to partially substitute for EBNA2 in B cell immortalisation297,298. In the 

absence of EBNA2 or ICN, RBPJκ acts as transcriptional repressor which recruits a 

histone deacetylase (HDAC) complex (comprising of HDAC and its interacting proteins 

SKIP and SMRT) to the promoter of its target genes (Figure 5.2)299. EBNA2 binds to 

the transcriptional repression domain of RBPJκ and replaces the HDAC complex, 

relieving the repression and upregulating the expression of target genes (Figure 5.2)299.  

The binding of EBNA2 via RBPJκ has been shown to activate the expression of 

numerous important viral and host genes involved in EBV infection. Early 

investigations demonstrated that RBPJκ binding sites in the promoters of these target 

genes facilitate this mechanism, as is the case for the viral LMP1 and LMP2 genes, as 

well as the B cell activation marker, CD23300-303. More recently, it has been shown that 

RBPJκ and EBNA2 frequently co-localise to putative enhancer regions in LCLs, 

suggesting that 3D genome organisation may play a role in the proliferation and 

transformation of B cells upon EBV infection304,305. For example, EBNA2 binding of 

enhancers upstream of the protooncogene MYC has been shown to be involved in the 

dysregulation of its gene expression via altered chromatin looping and eRNA 

expression305-307. 
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Figure 5.2: EBNA2 targets RBPJκ at gene promoters (A) and enhancer elements (B) to upregulate 

gene expression. 

A. RBPJκ recruits the histone deacetylase (HDAC) co-repressor complex to the promoter of repressed 

target genes (purple). The HDAC complex consists of HDAC1/2 and co-repressors such as SKIP 

and SMRT. EBNA2 competes for RBPJκ binding, resulting in the loss of the HDAC complex, the 

recruitment of RNA polymerase II (RNA pol II) and, consequently, transcriptional activation. 

B. EBNA2 can also bind enhancer elements through RBPJκ and/or other cellular transcription factors, 

(eg. EBF1). This results in the recruitment of histone acetyltransferases such as p300, CREB binding 

protein (CBP) and RNA pol II to the target gene promoter via chromatin looping to transactivate 

gene expression. 
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CR2 was one of the first cellular receptors shown to be induced upon EBV infection of 

B cells47,132. Subsequently, CR2 has consistently been shown to be upregulated by 

EBNA2 at both the protein290,308-311 and mRNA310-315 levels (Table 5.2). These studies 

have been conducted either by endogenously expressing EBNA2 in EBV-negative cell 

lines or by constitutively inducing EBNA2 in EBV-positive cells (Table 5.2). 

Nonetheless, while the evidence for the involvement of EBNA2 in the regulation of 

CR2 expression by EBV has been overwhelming, the mechanism by which this occurs 

is not fully understood.  

5.1.5 Project objectives 

Thus far, it has been shown that the upregulation of CR2 by EBNA2 requires RBPJκ316. 

Two functional RBPJκ sites have been identified in the CR2 promoter and shown to be 

targeted by ICN via Notch signalling317,318. However, previous reports have provided 

conflicting evidence as to whether the CR2 promoter can be transactivated by 

EBNA2319,320.  It is thus not clear whether the RBPJκ sites in the CR2 promoter are 

targeted by EBNA2. In addition, several cis-regulatory elements involved in the cell- 

and stage-specific expression of CR2 have been characterised, including an intronic 

silencer318,320,321 and a distal enhancer (Chapter 4). Whether these elements are targeted 

by EBNA2 and involved in the upregulation of CR2 has not yet been explored. 

This chapter aims to: 

1. Determine if RBPJκ sites in the CR2 promoter are involved in EBNA2-mediated 

transcriptional upregulation 

2. Identify potential EBNA2/ RBPJκ binding sites at CR2 cis-regulatory elements 

3. Assess the effect of EBNA2 on the transcriptional activity and chromatin 

modifications of CR2 cis-regulatory elements  
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5.2 Methods 

5.2.1 Publicly available ChIP-seq and ATAC-seq data 

Published ChIP-seq datasets examining EBNA2 and RBPJ-κ enrichment in B cell lines 

were retrieved using the Cistrome Data Browser322 (Table 5.3). All ChIP-seq data were 

visualised using the UCSC Genome Browser on hg38. ATAC-seq from Jiang et al.305 

on resting B lymphocytes (RBL) infected with WT B95-8 and P3HR1 (EBNA2−) EBV 

strains were retrieved from the NCBI Gene Expression Omnibus (GEO) accession 

number GSE101426 and visualised using the Integrative Genomics Viewer (IGV)323.  

5.2.2 Plasmids 

The CR2 promoter construct containing -1210/+75 of the WT CR2 promoter was cloned 

into the pGL3-Basic (pGL3-B) luciferase reporter plasmid as previously described324. 

Site directed mutagenesis to generate RBPJκ mutations in the CR2 promoter construct 

was performed using the QuikChange Site-Directed Mutagenesis Kit (Aligent) as 

previously described318. EBNA2 expression plasmid (pSG5-EBNA2) and the empty 

pSG5 plasmid (pSG5-BB) (Stratagene) were kindly provided by Prof. Bo Zhao 

(Harvard University)325. 

5.2.3 Luciferase assays 

For the promoter assays, each promoter construct (1 μg) was transiently transfected with 

the pRL-TK Renilla internal control vector (50 ng) using 4 μL Viafect™️ transfection 

reagent (Promega) into 5 × 105 cells in a 24-well plate. To transfect Daudi cells, 6 μL of 

Viafect™️ transfection reagent (Promega) was used per reaction. Cell lysates were 

harvested after 24 h of incubation and luciferase activity was measured as previously 

described (Section 4.2.1). The luciferase activity of the RBPJκ mutation promoter 

constructs were normalised to the WT CR2 promoter construct. For co-transfections, 

promoter and enhancer constructs (500 ng) and EBNA2 expression plasmids (500 ng) 

were transiently transfected into cells as previously described (Section 4.2.1). The 

activity of the promoter and enhancer constructs co-transfected with pSG5-EBNA2 

were normalised to the empty vector backbone (pSG5-BB).
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5.2.4 ChIP 

A list of buffers and their components used for ChIP is provided in Table 5.4. Briefly,  

4 × 107 cells were fixed using 1% (w/v) formaldehyde (Sigma-Aldrich) for 10 min. 

Cells were washed in PBS and lysed using NP-40 lysis buffer. Cell nuclei were 

resuspended in 2 mL 0.4% SDS shearing buffer for sonication with a Covaris S220X 

sonicator (Covaris) for 7 min. Sonicated samples were centrifuged at 16,000 × g for    

10 min to pellet any insoluble materials. Samples were diluted 1:4 with post-sonication 

dilution buffer. For each immunoprecipitation (IP), 15 μg chromatin was diluted with IP 

dilution buffer and pre-cleared with Protein A agarose beads (Merck-Millipore) for 1 h 

at 4°C. Chromatin was incubated with 5 µg anti-H3K27ac (Abcam), or 5 µg rabbit IgG 

isotype control antibody (Merck-Millipore) for 16 h at 4°C with rotation. Immune 

complexes were collected by centrifugation and cleared using Protein A agarose beads 

(Millipore) and incubated for 1.5 h at 4°C. Complexes were sequentially washed with 

low salt wash, high salt wash, LiCl wash and TE buffer, and then eluted in 500 μL ChIP 

elution buffer. Crosslinks were reversed by adding 25 μL 4M NaCl and incubation for 

16 h at 65°C with shaking (600 rpm). Samples were treated with RNase A and 

Proteinase K, and DNA was purified using the QIAquick PCR Purification kit 

(QIAGEN) according to the manufacturer’s specifications using 50 μL Buffer EB. For 

analysis, 2 μL of purified DNA was used for qPCR reactions with a Mic qPCR cycler 

using the cycling conditions listed in Section 2.4.6. Enrichment was determined using 

the percent input method.  

5.2.5 ChART-PCR 

Chromatin accessibility by real-time PCR (ChART-PCR) was performed as previously 

described332 using 20 U DNase I (Promega). All ChART experiments were performed 

by Dr Joshua Clayton. Digested and undigested samples were purified using the 

QIAquick PCR Purification kit (QIAGEN). For analysis, qPCR reactions consisting of 

50 ng DNA, 1X SYBR Green (Bioline), 250 nM primers up to a final volume of 10 μL 

were cycled using a ViiA7 real-time thermocycler and QuantStudio V1.3 (Applied 

Biosystems). Cycling conditions were as follows: 95°C for 10 min, 40 cycles of: 95°C 

for 15 s, 60°C for 15 s, 72°C for 30 s, followed by melt curve analysis. Accessibility 

levels were determined using the comparative Ct method for undigested and digested 

samples, normalised to the lung-specific SFTPA2 promoter (SPA2-P) control locus. 
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5.2.6 Statistical analysis 

Differences in transcriptional activity were assessed using Student’s unpaired t-test with 

a confidence interval of 95% (p < 0.05). Statistics and graphs were generated using 

GraphPad Prism version 7.0 (GraphPad). Graphed values represent the mean ± SEM of 

at least three independent experiments.
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5.3 Results 

5.3.1 RBPJκ binding sites are required for the basal activity of the CR2 promoter in 

EBV-positive B cell lines 

Two RBPJκ binding sites have been identified in the CR2 promoter that may mediate 

EBNA2 activation317,333. Previously, these binding sites have been shown to be 

functional in EBV- and CR2-negative cell lines (Reh and K562)318.To determine 

whether these RBPJκ binding sites in the CR2 promoter are functional in EBV-infected 

cell lines, transient transfections were performed using CR2 promoter reporter gene 

constructs (-1210/+75 of the CR2 promoter cloned into pGL3-B) containing WT 

sequence or mutations to the RBPJκ binding sites (Figure 5.3). Mutations were 

generated in the distal RBPJκ site (mut1), the proximal RBPJκ site (mut2) and both sites 

(mut1/2). The transcriptional activities of these constructs were normalised to WT CR2 

promoter construct (CR2 WT) (Figure 5.3A). 

The promoter constructs were transfected into EBV-positive cell lines Raji and Daudi 

(Figure 5.3B). Mutagenesis of distal RBPJκ site (mut1) significantly decreased the 

transcriptional activity of the reporter gene in the Raji cell line to 31.4% of WT levels  

(p = 0.0182, n = 3) (Figure 5.3B). Transcriptional activity of RBPJκ-mut2 was not 

altered in Raji, however mutagenesis of both RBPJκ sites resulted in a significant 

decrease in the transcriptional activity to similar levels observed with the RBPJκ-mut1 

(p = 0.0167, n = 3) (Figure 5.3B). In the Daudi cell line, mutagenesis of each single 

RBPJκ site in the CR2 promoter construct reduced transcriptional activity to 73.1% 

(RBPJκ-mut1) and 82.0% (RBPJκ-mut2) of WT levels, respectively.  Mutagenesis of 

both RBPJκ sites reduced transcriptional activity of the CR2 promoter to 19.9% of WT 

levels (Figure 5.3B). However, these differences did not reach statistical significance 

(Figure 5.3B). Minimal luciferase activity was measured in the cell lines transfected 

with the empty pGL3-B vector control (Figure 5.3B). The consistent decreases in 

transcriptional activity of the RBPJκ-mut1 and RBPJκ-mut1/2 constructs observed 

relative to the CR2 WT constructs indicated that the distal RBPJκ site in the CR2 

promoter is functionally involved in the transcriptional activation of the CR2 promoter 

in EBV-positive B cells. 
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Figure 5.3: Mutation of RBPJκ sites in the CR2 promoter decreased transcriptional activity in 

EBV-positive B cell lines Raji and Daudi. 

A. The WT CR2 promoter construct (CR2 WT) was cloned upstream of the luciferase reporter gene in 

the pGL3-Basic (pGL3-B) vector. CR2 WT contains two RBPJκ binding sites (triangles): the distal 

site (1) and proximal site (2). Promoter constructs containing a mutation (cross) of the distal RBPJκ 

site (RBPJκ-mut1), the proximal site (RBPJκ-mut2) and both sites (RBPJκ-mut1/2) were generated. 

B. B cell lines (Raji and Daudi) were transiently transfected with the CR2 WT and RBPJκ mutation 

plasmids or the pGL3-B control. Bars represent mean relative luciferase activity (±SEM) after 

normalisation to the transcriptional activity of the CR2 WT construct (n = 3). Asterisks represent 

statistically significant differences between the normalised values and the CR2 WT construct         

(*p < 0.05, **p ≤ 0.01)
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5.3.2 EBNA2 transactivates the CR2 promoter in the EBV-negative Ramos B cell line 

through the distal RBPJκ binding site 

To determine whether EBNA2 expression can affect the transcriptional activity of the 

CR2 promoter in vitro, co-transfections with the CR2 promoter reporter and an EBNA2 

expression construct were performed in an EBV-negative cell line, Ramos. We first 

confirmed the infection status of Ramos by measuring the mRNA expression of EBV 

viral transcription factors EBNA2 and EBNA3C using qPCR and confirmed that the 

Ramos cell line lacks expression of both transcripts, alongside EBV-positive controls 

(Raji, B-0028) (Figure 5.4). Each CR2 WT promoter construct was transfected with 

either the EBNA2 expression construct (pSG5-EBNA2) or the empty backbone (pSG5-

BB). Transcriptional activity of the promoter construct transfected with pSG5-EBNA2 

was normalised to the empty vector control, pSG5-BB (Figure 5.5).  

Co-transfection of pSG5-EBNA2 significantly increased the transcriptional activity of 

CR2 WT by 4.1-fold relative to the empty backbone (p = 0.0470, n = 3) (Figure 5.5A). 

In contrast, the expression of EBNA2 significantly decreased the transcriptional activity 

of the RBPJκ-mut1 construct to 40.5% of the empty backbone (p = 0.0378, n = 3) 

(Figure 5.5A). EBNA2 did not significantly alter the transcriptional activity of either 

RBPJκmut-2 or RBPJκ-mut1/2 compared to the empty backbone in the Ramos cell line 

(Figure 5.5A). However, transcriptional activity of RBPJκ-mut1 and RBPJκ-mut1/2 co-

transfected with EBNA2 were significantly lower than CR2 WT co-transfected with 

EBNA2; to 10.0% (p = 0.0301, n = 3) and 25.5% (p = 0.0311, n = 3) of WT levels, 

respectively (Figure 5.5B).  

We performed EBNA2 co-transfections in additional EBV-negative cell lines. These 

cell lines neither express CR2 nor are representative of the mature B cell stage; Reh 

(pre-B) and K562 (erythroid)264,334. Co-transfection of pSG5-EBNA2 did not alter the 

transcriptional activity of CR2 WT, RBPJκ-mut1 and RBPJκ-mut1/2 constructs (Figure 

5.6A). The single exception to this was the co-transfection of pSG5-EBNA2 with 

RBPJκ-mut2 in the Reh cell line, which significantly increased the transcriptional 

activity of this construct by 2.9-fold (p = 0.0117, n = 3) (Figure 5.6A). These data 

indicated that the mutation of the distal RBPJκ site significantly diminished the ability 

of the CR2 promoter to be transactivated by EBNA2 in the EBV-negative Ramos cell 

line.
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Figure 5.4: Relative expression of EBNA2 and EBNA3C mRNA in B cell lines and controls. 

Transcript abundance of EBV viral factors EBNA2 and EBNA3C in B cell lines as measured by qPCR. 

Values were normalised to the β-actin gene (ACTB) using the ΔCt method. Bars represent mean relative 

expression (± SEM) from 3 biological replicates. 

 

 

 

 

 

 
Figure 5.5: EBNA2 expression altered CR2 transcriptional activity in the EBV-negative Ramos B 

cell line. 

A. The mature B cell line, Ramos, was co-transfected with the CR2 promoter constructs and either the 

pSG5-EBNA2 (EBNA2, grey) expression construct or the empty pSG5-BB vector (empty, white). 

Plasmids were transfected into the EBV-negative (EBV−) mature B cell line, Ramos. Bars represent 

mean relative luciferase activity (±SEM) after normalisation to the transcriptional activity of the 

empty backbone (n > 3). Asterisks represent statistically significant differences between the 

normalised values and the empty backbone vector (*p < 0.05). 

B. Relative luciferase activity (±SEM) after normalisation to the transcriptional activity of the promoter 

constructs transfected with pSG5-EBNA2 to the promoter constructs transfected with pSG5-BB (y = 

1).
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Figure 5.6: EBNA2 expression altered CR2 transcriptional activity in EBV-negative non-B and 

EBV-positive B cell lines. 

B cell lines were co-transfected with the CR2 promoter constructs and either the pSG5-EBNA2 (EBNA2, 

grey) expression construct or the empty pSG5-BB vector (empty, white). Plasmids were transfected into 

EBV-negative (EBV−) cell lines Reh (pre-B) and K562 (erythroid) (A) and EBV-positive (EBV+) mature 

B cell lines Daudi (EBNA2-negative) and Raji (EBNA3C-negative) (B). Bars represent mean relative 

luciferase activity (±SEM) after normalisation to the transcriptional activity of the empty backbone         

(n > 3). Asterisks represent statistically significant differences between the normalised values and the 

empty backbone vector (*p < 0.05).
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5.3.3 EBNA2 alters the transcriptional activity of the CR2 promoter in EBV-positive B 

cell lines 

To determine whether transactivation of the CR2 promoter by EBNA2 was specific to 

the EBV-negative Ramos cell line due to the lack of EBNA2 endogenous expression, 

we also performed EBNA2 co-transfections in EBV-positive mature B cell lines, Daudi 

and Raji. qPCR confirmed that both cell lines were EBV-positive. We also noted that 

Daudi did not express EBNA2 and Raji exhibited limited EBNA3C expression (Figure 

5.4), as has previously been reported335,336. 

In the EBNA2-negative Daudi cell line, co-transfection of pSG5-EBNA2 did not 

significantly alter the transcriptional activity of the CR2 WT construct compared to the 

pSG5-BB control (p = 0.7881, n = 3) (Figure 5.6B). However, when pSG5-EBNA2 

was co-transfected with RBPJκ-mut1 or RBPJκ-mut2, the transcriptional activity of the 

CR2 WT construct significantly decreased to 60.3% and 65.1% of pSG5-BB levels, 

respectively (RBPJκ-mut1 p = 0.0414, n = 3; RBPJκ-mut2 p = 0.0071, n = 3) (Figure 

5.6B). In contrast, the expression of EBNA2 did not significantly change the 

transcriptional activity of the RBPJκ-mut1/2 construct (p = 0.7219) (Figure 5.6B). In 

the EBNA3C-negative Raji cell line, co-transfection of pSG5-EBNA2 significantly 

increased the transcriptional activity of the WT promoter by 7.9-fold relative to the 

pSG5-BB control (p = 0.0454, n = 3) but the transcriptional activity of all other 

constructs was not altered upon EBNA2 expression (Figure 5.6B). These data showed 

that EBNA2 can also upregulate the CR2 promoter constructs and/or alleviate 

expression upon mutagenesis of the RBPJκ binding sites in EBV-positive backgrounds. 

This indicates that other viral and cellular transcription factors are likely to be involved 

in this process. 

5.3.4 RBPJκ and EBNA2 binding at the CR2 promoter is limited in B cell lines, but 

enriched at the CR2 enhancer (BEN-2) 

Previously, we identified RBPJκ sites in the CR2 promoter using motif analysis and in 

vitro reporter gene analysis. We interrogated whether RBPJκ is enriched at this region 

in vivo. Consequently, we examined published ChIP-seq data in EBV-positive cell lines 

targeting EBNA2 and RBPJκ collated on the Cistrome Data Browser322. RBPJκ ChIP-

seq data was only available for the lymphoid cell lines IB4, Mutu I and CUTLL1 

(Table 5.3). IB4 and Mutu I are EBV-infected B cell lines but have contrasting latency 

types: IB4 is EBNA2-positive and EBNA3C-positive337,338 whereas Mutu I is EBNA2-
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negative and EBNA3C-negative304. CUTLL1 is a T cell lymphoma cell line that is not 

EBV-infected339. 

RBPJκ ChIP-seq signal was present at the CR2 promoter in the IB4 and CUTTL1 cell 

lines, but not in Mutu I (Figure 5.7). We also examined the enrichment of RBPJκ at the 

CD23 promoter, another canonical EBNA2 target gene which is known to be 

upregulated by EBNA2/RBPJκ binding at its promoter301,303. Strikingly, the CD23 

promoter was strongly enriched for RBPJκ in IB4, binding to two specific regions, but 

was absent in the Mutu I and CUTTL1 cell lines (Figure 5.7). 

We also investigated whether EBNA2 was enriched at the CR2 promoter in vivo and if 

it is co-localised to the RBPJκ peaks. EBNA2 ChIP-seq data in B cell lines Mutu III and 

GM12878 showed some enrichment of EBNA2 at the CR2 promoter (Figure 5.7). 

While limited, these EBNA2 peaks did co-localise with the RBPJκ peaks in this region 

(Figure 5.7). In contrast, EBNA2 binding at the CD23 promoter was highly enriched 

and precisely co-localised to the two RBPJκ ChIP-seq peaks (Figure 5.7). 

As EBNA2 and RBPJκ enrichment was relatively limited at the CR2 promoter, we 

explored whether other regulatory elements controlling CR2 expression harboured 

potential EBNA2/ RBPJκ binding sites. Indeed, both transcription factors were highly 

enriched at the CR2 enhancer, BEN-2, in the Mutu III and GM12878 ChIP-seq datasets 

(Figure 5.8). This was in contrast to the CR2 promoter (Figure 5.8). Furthermore, the 

EBNA2 and RBPJκ ChIP-seq peaks precisely co-localised to two distinct regions within 

the BEN-2 enhancer element (Figure 5.8).  Enrichment of EBNA2 and RBPJκ was 

limited in the Mutu I and CUTTL1 datasets across the BEN-2 region (Figure 5.8). 

These data indicate that BEN2 is a strong candidate region for involvement in the 

EBNA2-mediated upregulation of CR2.
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Figure 5.7: EBNA2 and RBPJκ enrichment is limited at the CR2 promoter relative to the canonical 

CD23 promoter. 

A. Histone ChIP-seq data from ENCODE in the GM12878 B lymphoblastoid cell line (LCL) and 

published transcription factor ChIP-seq data in various B LCLs were examined at the CD23 

(chr19:7,700,829-7,706,350) and CR2 promoters (chr1:207,449,925-207,455,381) using the UCSC 

Genome Browser on hg38. Please note that CD23 is an antisense gene and CR2 is a sense gene. 

B. The CD23 promoter (marked by enrichment of the H3K4me1 promoter histone modification) 

contained two EBNA2 ChIP-seq peaks across two different cell lines and datasets (Mutu III and 

GM12878). Each peak co-localised to a RBPJκ ChIP-seq peak in a dataset in a different cell line 

(IB4). In contrast, EBNA2 and RBPJκ enrichment was lower at the CR2 promoter across all 

examined datasets.  
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Figure 5.8: EBNA2 and RBPJκ is highly enriched at BEN-2 in EBV-positive B cell lines compared 

to the enrichment observed in the CR2 promoter. 

Histone ChIP-seq data from ENCODE in the GM12878 B lymphoblastoid cell line (LCL) and published 

transcription factor ChIP-seq data in various B LCLs were examined in the RCA gene cluster (A, 

chr1:207,311,113-207,518,575), BEN-2 (B, chr1:207,411,048-207,416,067) and CR2 promoter (B, 

chr1:207,449,925-207,455,381) using the UCSC Genome Browser on hg38.
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5.3.5 EBNA2 transactivates the BEN-2 enhancer  

To determine whether BEN-2 was inducible by EBNA2, we performed co-transfection 

experiments using BEN-2 reporter gene constructs in forward (F) and reverse (R) 

orientation with the empty vector control (pSG5-BB) or EBNA2 expression construct 

(pSG5-EBNA2). The expression of EBNA2 increased the transcriptional activity of the 

enhancer construct in the Ramos, Daudi and Raji B cell lines, ranging from 4.5- (Daudi 

in R, p = 0.0159, n = 3) to 14.2-fold (Raji in R, p = 0.0432, n = 3) relative to the pSG5-

BB control (Figure 5.9A, Figure 5.9B). Minimal luciferase activity was detected in the 

cell lines co-transfected with the empty pGL3-P vector (Figure 5.9A). No significant 

differences in transcriptional activity of the BEN2 constructs were observed in co-

transfections with EBNA2 in the control cell lines, Reh and K562 (Figure 5.9C). Taken 

together, these data indicate that the CR2 enhancer BEN-2 is an EBNA2 response 

element. 

5.3.6 Chromatin marks at BEN-2 correlate with EBV- and EBNA2-infection status of 

B cell lines 

Next, we examined chromatin modifications at BEN-2 in EBV-positive and EBV-

negative cell lines to determine whether these correlated with infection status. To this 

end, we used ChART to assess the chromatin accessibility of BEN-2 and ChIP-qPCR 

targeting H3K27ac to measure enrichment of this active enhancer mark in a panel of 

cell lines (Figure 5.10). Strikingly, chromatin accessibility of BEN-2 in the EBV-

negative Ramos cell line was only 1.2-fold higher than that of the inaccessible SFTPA2 

promoter (SFTPA2-P), while BEN-2 in the EBV-positive Raji cell line was 30-fold 

higher (Figure 5.10). Similarly, H3K27ac enrichment of BEN-2 was considerably 

lower in the Ramos cell line (0.18% input) than the Raji cell line (3.32% input). 

Chromatin accessibility and H3K27ac enrichment at BEN-2 was lower in EBV-negative 

Reh and K562 cell lines (Figure 5.10). The pattern of H3K27ac enrichment observed at 

BEN-2 in this panel of cell lines was consistent with matching published ChIP-seq data 

(Figure 5.11). This indicated that EBV infection may alter chromatin accessibility and 

HK27ac enrichment of this enhancer region. 

To determine whether EBNA2 contributed to the differential chromatin accessibility 

observed in the EBV-positive and -negative cell lines, we examined published ATAC-

seq data from Jiang et al. in EBV-negative resting B cells (RBLs) infected with the WT 

B95-8 EBV strain or EBNA2-negative P1HR3 strain (Figure 5.12)305. Indeed, a small, 
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Figure 5.9: EBNA2 expression significantly increased transcriptional activity of BEN-2 in EBV-

negative and EBV-positive B cell lines. 

B cell lines were co-transfected with the BEN-2 luciferase constructs (in both forward, F, and reverse, R, 

orientation) and either the pSG5-EBNA2 (EBNA2, grey) expression construct or the empty pSG5-BB 

vector control (empty, white). Plasmids were transfected into mature B cell lines that were either EBV-

negative (EBV−)(A) or EBV-positive (EBV+) (B). EBV-negative non-mature B cell lines (C) were also 

used as controls; namely, Reh (pre-B) and K562 (erythroid). Bars represent mean relative luciferase 

activity (±SEM) after normalisation to the transcriptional activity of the empty backbone (n > 3). 

Asterisks represent statistically significant differences between the normalised values and the empty 

backbone vector (*p < 0.05).
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Figure 5.10: Chromatin accessibility and H3K27ac enrichment was markedly reduced in the EBV-

negative B cell line Ramos relative to other cell lines. 

A. H3K27ac enrichment at BEN-2 as determined by ChIP-qPCR using the percent input method. Grey 

bars indicate H3K27ac enrichment at the target locus, and black bars show enrichment using a non-

specific IgG control antibody. All data are presented as mean ± SEM from at least 3 biological 

replicates.  

B. Chromatin accessibility at BEN-2 as measured by ChART-PCR using DNase I digestion. Data have 

been normalised to the inaccessible SFTPA2 gene promoter. All data are presented as mean ± SEM 

from at least 3 biological replicates.  
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Figure 5.11: BEN-2 H3K27ac enrichment is greatest in EBV-positive B cell line Raji from published H3K27ac ChIP-seq datasets. 

Published histone ChIP-seq data in B cell lines Raji, Ramos and Reh, as well as the erythroid cell line, K562, across the RCA gene cluster spanning CD55 to CR1 was visualised 

using the UCSC Genome Browser on hg38. The BEN-2 enhancer region is highlighted in yellow.
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Figure 5.12: Chromatin accessibility across BEN-2 increases upon EBV infection. 

ATAC-seq data from Jiang et al.305 visualised on the Integrated Genomic Viewer for the BEN-2 enhancer along with ENCODE H3K27ac and DNase I hypersensitivity in the 

GM12878 B cell line (A). Chromatin accessibility of resting B lymphocytes (RBL) was measured using ATAC-seq before (B) and after EBV infection using the EBV strains B95-8 

(C) or P1HR3 (D). P1HR3 is a mutant EBV strain and does not express EBNA2. RBLs were assessed up to 7 days post-infection (D1-D7). Regions of increased chromatin 

accessibility in BEN-2 compared to the uninfected RBL are indicated by yellow arrows.
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additional peak was observed at BEN-2 upon WT EBV infection of RBLs (Figure 

5.12C). This peak was consistently observed across the three time points (spanning one 

to five days post-infection) ATAC-seq was performed (Figure 5.12C). Chromatin 

accessibility of BEN-2 infected with the EBNA2-negative P1HR3 strain was observably 

increased across the BEN-2 region across all assessed time points compared to 

uninfected RBLs and WT EBV infection (Figure 5.12D). These data were consistent 

with our ChART results and show that BEN-2 chromatin accessibility correlates with 

EBV-infection status. Further, the chromatin accessibility of BEN-2 was altered in 

RBLs infected with the EBNA2+ compared to the EBNA2− EBV strains. This suggests 

that EBNA2 specifically alters the chromatin landscape of this enhancer.
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5.4 Discussion 

While it has been well established that CR2 is upregulated by EBNA2, the 

transcriptional mechanism by which this occurs has not been thoroughly investigated. 

We have now successfully shown that both the CR2 promoter and intergenic enhancer 

BEN-2 are EBNA2 response elements in a panel of B cell lines.  Further, we provide 

evidence that EBNA2 targets cellular RBPJκ binding sites at these regulatory regions.  

5.4.1 The CR2 promoter can be transactivated by EBNA2 

A number of EBNA2-upregulated target genes have been shown to be dysregulated by 

the viral factor via RBPJκ sites in the gene promoter, including CD23303, the EBV Cp 

promoter325 and EBV factor LMP1340. However, evidence has been conflicting 

regarding the ability for EBNA2 to transcriptionally activate the CR2 promoter319,320. 

Our data supports the findings observed in Radkov et al. that the CR2 promoter may be 

transactivated by endogenous EBNA2319. While we observed a maximum of 8-fold 

increase in CR2 reporter expression induced by EBNA2, Radkov et al. saw basal 

activity of the CR2 promoter increase by a far greater magnitude (27-fold)319. This 

difference may be accounted for by the methodology used. Whilst we utilised a 

luciferase reporter construct, Radkov et al. performed their co-transfections using the 

CR2 promoter construct cloned into a chloramphenicol acetyltransferase (CAT) reporter 

plasmid319. It has been shown that the early EBV viral factor BZLF1 can alter CAT at 

the post-transcriptional level, thus exogenous transactivation of these plasmids may 

have occurred 341,342. Alternatively, the differences observed may be due to the cell line 

utilised in the Radkov study (EBV-positive DG75 B cell line).  It is reasonable to 

propose that the CR2 promoter may respond differentially to EBNA2 across cellular 

contexts. In contrast, we tested a panel of mature B cell lines and saw EBNA2 

consistently increase CR2 promoter activity in each, strengthening our findings. Unlike 

earlier studies, our panel of cell lines also included an EBV-negative B cell line where 

we were able to examine the effect of EBNA2 independently of other EBV viral factors. 

5.4.2 The distal RBPJκ site in the CR2 promoter mediates EBNA2 transactivation 

We also extend on previous findings by investigating the transcriptional mechanism 

whereby the CR2 promoter activity is upregulated by EBNA2. The CR2 promoter, 

functionally defined as the region –1275/+75 of the CR2 transcriptional start site 

(TSS)324,343, represented a promising region to investigate due to the presence of two 

functional RBPJκ binding sites317,318; potential targets of EBNA2. Our laboratory has 
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previously shown that RBPJκ is enriched at the CR2 promoter in both EBV-positive 

(Raji) and EBV-negative (Ramos) cell lines using ChIP-qPCR317,318. In this study, we 

demonstrated that the two RBPJκ binding sites in the CR2 promoter have a functional 

role in EBV-positive cell lines. In general, mutation of the distal RBPJκ binding site had 

a greater effect on the transcriptional activity of the CR2 promoter than the proximal site 

in the cell lines examined. However, mutation of the proximal RBPJκ binding site did 

not affect the transcriptional activity of the CR2 promoter in the Raji cell line. 

Additionally, the decrease in transcription observed with the RBPJκmut1/2 promoter 

construct could be solely accounted for by the mutation at the distal RBPJκ site. This 

highlights a role for the distal RBPJκ site in the CR2 promoter in controlling the 

upregulation of CR2 transcription in EBV-infected B cells. In line with this, 

mutagenesis of the distal RBPJκ site was sufficient to ablate the transcriptional 

upregulation of EBNA2 in our co-transfection experiments, reinforcing its functional 

role and demonstrating that it is targeted by EBNA2 in vitro. 

Our finding that the distal RBPJκ site in the CR2 promoter is an EBNA2 target is 

noteworthy because of its role in induction of CR2 expression via Notch signalling 

factor, ICN, in the pre-B cell stage318. The Notch signalling pathway is a highly 

conserved signalling pathway which plays a critical role in a number of processes, 

including cell fate determination and tissue homeostasis294. Like EBNA2, ICN is well 

known to upregulate CR2 expression in mature B cells344-346. Our results now indicate 

that the distal RBPJκ site in the CR2 promoter is a dual-responsive EBNA2/ICN 

element, and that the upregulation of CR2 transcription by EBNA2 and ICN is mediated 

through a common mechanism, albeit at different stages of B cell development. Very 

few genes have been identified as being upregulated by both EBNA2 and ICN314,347, let 

alone shown to be controlled by a shared transcriptional mechanism. One such gene is 

BATF, which encodes an immune-specific transcription factor in the AP-1 family348,349. 

Johansen et al. determined that the upregulation of BATF expression by EBNA2 and 

ICN was also mediated by RBPJκ348. However, this study did not specifically 

investigate the binding site location or role of RBPJκ in BAFT transcription348. While 

we showed that RBPJκ in the CR2 promoter has a functional role in EBV-positive 

mature B cells, its binding partners and exact function in this cellular context are yet to 

be determined. 

We noted that EBNA2 transactivation was partly mediated by the proximal RBPJκ site 

in the CR2 promoter. However, the effect of EBNA2 on the transcriptional activity of 
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the CR2 promoter differed between the B cell lines investigated. This may be due to the 

different cellular backgrounds of the cell lines used. Of note, EBNA3C expression 

differed between the EBV-positive cell lines, as shown in previous reports350. The 

magnitude of EBNA2 upregulation on the CR2 promoter was greatest in the B cell lines 

lacking EBNA3C expression. EBNA3C is recognised as a transcriptional repressor that 

can compete for RBPJκ binding and antagonise EBNA2-mediated transcriptional 

activation286,351. However, evidence shows that EBNA3C also induces CR2 expression 

and its function is context-dependent352. Therefore further investigation is warranted to 

determine if EBNA3C competes for EBNA2 binding at the CR2 promoter. 

To determine the specificity of the transcriptional upregulation of EBNA2 on the CR2 

promoter, we also examined its effect in control cell lines, K562 and Reh. These cell 

lines are EBV- and CR2-negative, respectively, and represent cell types that are unable 

to be infected by EBV353. EBNA2 did not significantly alter the transcriptional activity 

of the CR2 promoter in these cell lines and further reinforced our data that the effect 

observed was indeed specific to the mature B cell lines in our panel. Interestingly, 

EBNA2 was able to significantly increase the transcriptional activity of the CR2 

promoter containing a mutation at the proximal RBPJκ site in the EBV-negative, pre-B 

Reh cell line. This suggests that this RBPJκ site may repress CR2 promoter activity in 

this cellular context and/or that EBNA2 may target other transcription factors in this 

regulatory region. A similar result was also found with CR2 promoter plasmids co-

transfected with ICN in Reh cells318, further highlighting the shared role for the RBPJκ 

sites in EBNA2 and ICN transactivation of CR2. EBNA2 co-transfection with CR2 

promoter plasmids containing mutations of other TF binding sites will help to clarify the 

involvement of RBPJκ in the EBNA2-mediated transactivation of CR2 and determine if 

other cellular TFs are involved. For example, EBNA2 can also bind to B cell specific 

transcription factors PU.1 and EBF1306. Both of these transcription factors have been 

shown to bind to the CR2 promoter, based on ENCODE ChIP-seq data (data not 

shown). 

5.4.3 Chromatin accessibility and EBNA2 enrichment was limited at the CR2 

promoter 

We have established that EBNA2 possibly transactivates the CR2 promoter and mediate 

its effect through RBPJκ.  It is important to recognise that these experiments were 

achieved using in vitro reporter gene assays, thus removing the endogenous genomic 

context. Therefore, we sought to corroborate these findings by investigating the 
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chromatin context of the CR2 promoter in vivo. We found that EBNA2 

binding/enrichment was low at the CR2 promoter across all available ChIP-seq datasets 

targeting these TFs in EBV-positive B cell lines. This was in stark contrast to the 

canonical CD23 promoter, which has previously been shown to be upregulated by 

EBNA2 through RBPJκ301,302. From ChIP-seq data, RBPJκ was more highly enriched at 

the CD23 promoter than the CR2 promoter and was co-localised with EBNA2 binding 

sites. However, the limited dataset does not exclude the prospect of EBNA2 binding to 

the CR2 promoter in vivo. This may be due to the limited published data available for 

these transcription factors. Experimental validation is required to clarify this.  

5.4.4 EBNA2 enhances the transcriptional activity, chromatin accessibility and active 

histone mark enrichment of BEN-2 

While the CR2 promoter region possessed low levels of EBNA2 binding in vivo, 

evidence for the long-range enhancer element, BEN-2, as a EBNA2 response element 

was highly abundant. Two EBNA2 peaks were localised to BEN-2 in Latency type III 

cell lines but were absent in the Latency type I cell lines, corresponding to the known 

expression pattern of EBNA2 (only expressed in Latency type III287). In addition, strong 

RBPJκ ChIP-seq enrichment was observed at BEN-2 in the Latency type III B cell line 

IB4, and two peaks could be observed co-localising with EBNA-2 peaks. Enrichment of 

RBPJκ was either absent or limited in the Latency type I cell lines, suggesting that 

RBPJκ is differentially bound to BEN-2 between EBV-latency types. 

In line with the strong bioinformatic evidence, co-transfection of the BEN-2 luciferase 

reporter constructs with EBNA2 significantly increased the transcriptional activity of 

the enhancer in a panel of B cell lines. This functionally confirmed that BEN-2 is an 

EBNA2 responsive element. We observed differences in the transcriptional activity 

between forward and reverse orientation enhancer constructs in the EBNA2 co-

transfections. In the Raji cell line, the transcriptional activity of BEN-2 in reverse 

orientation was increased approximately 13-fold by EBNA2 while forward orientation 

was only increased 5-fold. This suggests that the enhancer may bind and respond to 

EBNA2 in an orientation- or location-dependent manner. We also observed orientation-

specific differences in BEN-2 transcriptional activity in the absence of EBNA2, but this 

difference was converse, with the forward orientation enhancer having a greater 

transcription effect than the reverse (Section 4.3.2). This was also reflected by the 

differential effect on chromatin accessibility of BEN-2 in RBLs infected with WT EBV 

and EBNA2-negative EBV strains. 
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Similar to the promoter co-transfections, EBNA2 did not significantly alter the 

transcriptional activity of BEN-2 in non-mature B cell lines, Reh and K562, indicating 

that the EBNA2- mediated transactivation of BEN-2 is context-dependent and likely to 

be reliant on transcription factors expressed and bound to the enhancer in the mature B 

cell lineage. Surprisingly, we also observed a non-significant increase in transcriptional 

activity of the enhancer construct co-transfected with EBNA2 in the pre-B Reh cell line, 

further highlighting the likelihood for BEN-2 to function in an orientation-dependent 

manner. To clarify this, cloning and further examination of the two distinct regions in 

BEN-2 marked by EBNA2 and RBPJκ binding will hopefully yield insight into its 

functioning in this context. RBPJκ was observed as binding two distinct regions within 

BEN-2, each underlined by a high-confidence binding motif based on ChIP-seq data. 

Our data suggests that EBNA2 could potentially target the enhancer by displacing 

repressive binding partners of RBPJκ. Mutagenesis of the RBPJκ binding sites in the 

enhancer region will be required to demonstrate its involvement in EBNA2-mediated 

transactivation of BEN-2.  

To gain an understanding of the chromatin context of the enhancer and correlation with 

EBV infection, we examined the active histone mark H3K27ac and chromatin 

accessibility of BEN-2 in EBV-positive and -negative B cell lines. H3K27ac was 

strongly enriched at BEN-2 in the EBV-positive mature B cell line Raji. Surprisingly, 

H3K27 enrichment was lowest in the EBV-negative mature B cell line, Ramos, across 

the panel of cell lines examined. This pattern of H3K27ac enrichment at BEN-2 

matched chromatin accessibility in the region, with BEN-2 most accessible in the EBV-

positive B cell line Raji and least accessible in EBV-negative Ramos. Despite the 

limited number of cell lines assessed, we were able to support these findings using 

published H3K27ac ChIP-seq and ATAC-seq datasets. Together, these data indicate 

that BEN-2 is likely to become active following EBV infection, with increased 

H3K27ac enrichment and chromatin accessibility observed.  The binding of EBNA2 to 

this enhancer may facilitate the alteration in chromatin environment. This may, in turn, 

further facilitate binding of other co-activators to the enhancer, such as histone 

acetyltransferases p300 and CBP354, to mediate its regulatory effect.  

It is possible that other CR2 regulatory regions are involved in the enhancement of its 

expression by EBNA2. Of note, a silencer located in the first intron of CR2 

(complement receptor 2 silencer, CRS) was a highly promising candidate region to 

explore.  The CRS has been shown to contain a functional RBPJκ binding site and is 
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involved in controlling the B cell stage-specific expression of CR2320,321. The CRS is 

known to be involved in the activation of CR2 expression by another γ-herpesvirus, 

Kaposi’s sarcoma-associated herpesvirus (KSHV), via its key activator, replication and 

transcription activator (RTA), binding to the CRS, but not the CR2 promoter346. 

Here we have demonstrated that both the promoter and enhancer of CR2 are involved in 

EBNA2-mediated upregulation of the gene, adding to the growing list of EBV-targets 

that are dysregulated via long-range mechanisms305,355. Our proposed model for this 

mechanism is presented in Figure 5.13. BEN-2 has been functionally shown to regulate 

CR2 and CD55 in the mature B cell context (Chapter 4). CD55 expression has not been 

shown to be altered by EBV infection in B cells305, however, the changes in CD55 

expression upon EBV infection has not been thoroughly investigated. It is possible that 

BEN-2 may control CD55 expression, as well as CR2, in other cellular contexts. T cells 

or epithelial cells are also infected by EBV, however the mechanism by which this 

occurs and consequential transcriptional changes in these cell types is not as thoroughly 

understood as B cell infection356,357. Further, CR2 has recently been shown to be the 

receptor for EBV on T cells358, thus this cell type may be promising to investigate 

further. 



 

 151 

 

 

Figure 5.13: Proposed model for EBNA2-mediated upregulation of CR2 in EBV-infected B cells. 

A. CR2 is expressed in mature B cells and is regulated by two RBPJκ binding sites in the promoter, 

which may interact with transcription factors such as intracellular Notch (ICN), EBF1 or NF-κB. 

CR2 expression is also regulated by a long-range enhancer element (BEN-2) which also binds 

transcription factors and histone acetylases, such as p300 and CBP. 

B. Upon EBV infection, EBNA2 targets the RBPJκ sites in the CR2 promoter and BEN-2, which 

together upregulate CR2 expression. At the CR2 promoter, EBNA2 binding may increase the 

recruitment of RNA polymerase II (RNA pol II) or other transcription factors. At BEN-2, EBNA2 

binding to RBPJκ is likely to increase the chromatin accessibility of the region and increase the 

recruitment of histone acetylases, thereby increasing H3K27ac enrichment.
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CHAPTER 6 

General Discussion  



 

 153 

6.1 Discussion 

The RCA gene cluster is an exemplary gene cluster in that all its members are 

structurally, functionally and genetically related. The possibility of these members 

being co-regulated has long been speculated given their shared structural features and 

close genomic proximity in the human genome6,7. Here, we provide insight into this 

long-standing notion, revealing for the first time that the members of the RCA gene 

cluster are organised into two distinct TADs. We identified the first long-range 

enhancer element in the RCA gene cluster and showed that it co-regulates the 

transcription of two members (CR2 and CD55) in B cells (Figure 6.1A). Furthermore, 

we provide evidence to show that EBNA2 hijacks this enhancer to dysregulate 

expression of CR2 in EBV-infected B cells (Figure 6.1A). While our study focused on 

the biological basis for genetic co-regulation and EBNA2 dysregulation of the RCA 

gene cluster in B cells, we highlight the important implications of our findings in 

understanding their biology, evolution and disease involvement. 

6.1.1 Insights into the biology of the RCA gene cluster 

While distinctions between the RCA members based on their protein structure (soluble 

or membrane-bound) and functional activity (serum regulatory proteins, cell surface 

autoregulatory proteins or complement receptors) have been readily identified6, the 

utility of genetics to understand the similarities and differences between members of the 

RCA gene cluster has primarily been limited to their genic structure. At the protein 

level, all RCA members share the same structural repeat elements (SCRs). Interestingly, 

SCRs in the RCA gene cluster are encoded by a single exon except for CR2, CR1 and 

CR1L, which contain “split exons” (a single SCR encoded by two exons) and/or “fused 

exons” (a single exon encoding two SCRs)6,242. Small-scale sequence comparisons of 

the RCA gene indicate that CD55, CR2, CR1 and CD46 promoters contain CpG 

islands359-362, while C4BPB and C4BPA do not363,364. In addition, distinct 500 kb blocks 

within the RCA, ɑ (CR2, CR1 and CD46) and β (C4BPB, C4BPA and CD55), have been 

identified using phylogenetic analyses and ancestral haplotypes365. Our findings 

tangibly group the members of the RCA gene cluster based on their chromatin and 

regulatory structure. This organisation is unique to prior identified groupings. However, 

we cannot completely disregard the possibility that the TAD organisation of the RCA 

gene cluster may be different in other cellular contexts wherein the RCA cluster may 

have varied TAD arrangements or be located in a single TAD (Figure 6.1B).
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Figure 6.1: Summary of findings and future directions (cont.) 

C. The inter-TAD boundary in the RCA gene cluster may represent a breakpoint region for the gene duplication of pseudogenes of CR1 and CD46 in TAD 2. The RCA gene cluster 

in the mouse genome is comprised of C4bp, Daf1, Daf2, Cr2 (expressing both mCR2 and mCR1), Cr1l and Cd46. However, these genes are separated by 6.5 Mb to two 

chromosomal positions. The location of the TAD boundary may represent the breakpoint region for the genomic rearrangement of the RCA gene cluster in mice. 

D. SLE-associated single nucleotide polymorphisms (SNPs) and viral transcription factors, such as EBNA2, potentially influencing the transcription of multiple RCA genes in 

tandem through a complex regulatory network of gene-gene and gene-enhancer interactions. Thereby, the effect of an individual genetic or environmental risk factor is likely to 

be influenced and exacerbated by another. This premise could apply to diseases other than SLE, such as Sjögren’s syndrome (SjS), systemic sclerosis (SSc) and atypical 

haemolytic anaemia (aHUS). 
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Our findings show that CR2 and CD55 are co-regulated by BEN-2 in the B cell lineage, 

thus enhancing understanding of how these genes are transcriptionally controlled. 

However, we highlight the strong likelihood that other members of the RCA gene 

cluster are also regulated by long-range mechanisms (Figure 6.1B). To note, the 

presence of H3K27ac signal (active enhancer marker) is extensive across this region in 

multiple cell types (Figure 6.2A, Figure 6.2B). This is an important field of 

investigation as the transcription of the RCA genes is widely implicated in a vast array 

of biological processes14-17,212,272. In addition, transcription of RCA members has a 

direct impact on both protein structure and function. The soluble C4BP is expressed as 

three different isoforms, each with an unique combination and number of α and β 

chains. The major isoform of C4BP consists of seven α-chains and one β-chain (denoted 

as α7β1), whereas the other minor isoforms consist of α7β0 and α6β119. As the α and β 

chains each possess a different number of SCRs (eight and three, respectively), it 

follows that they have distinct binding affinities and that each C4BP isoform has a 

discrete function14. Sánchez-Corral et al. showed that the C4BP isoform expression 

patterns in plasma vary between individuals366. Furthermore, the proportion of the 

various C4BP isoforms can be controlled at the level of C4BPB and C4BPA 

transcription, suggesting that the structure and function of C4BP is determined in part 

by genetic factors. While Sánchez-Corral et al. suggested the genetic element/s 

controlling C4BP isoforms is linked to the RCA gene cluster, no further investigative 

data has been published366. In our study, we have shown that C4BPB and C4BPA are 

co-located within the same TAD. We can speculate that these genes are co-regulated 

and differential expression of the C4BPA and C4BPB genes may be inherited as genetic 

variants that influence chromatin looping or enhancer function. Investigating this further 

in biologically significant cell-types, for example, hepatocytes, represents a promising 

approach to uncover this mechanism. 

We also suggest new avenues for investigating other long-range regulatory mechanisms 

underlying the transcription of the RCA members, such as long non-coding RNAs 

(lncRNAs). lncRNAs are defined as non-coding transcripts greater than 200 nucleotides 

in length. In general, lncRNAs contain fewer exons and are less abundantly expressed 

than their protein-coding counterparts367. They can be further categorised into 

transcripts that overlap protein-coding genes (intronic lncRNA and antisense lncRNA) 

or that are located between genes (long intergenic non-coding RNA, lincRNA)367. 
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Indeed, lncRNAs are known to play an important role in the long-range regulation of 

genes370-372. lncRNAs regulate gene expression by directly interacting with DNA, RNA 

or proteins.  More recently, both the action of RNA polymerase transcribing lncRNAs 

and the splicing of lncRNA has been shown to influence the expression of nearby 

genes367,371. Intriguingly, the intergenic enhancer, BEN-2, colocalises to the first intron 

of a predicted lincRNA (AL391597.1) containing three exons, identified by the Human 

and Vertebrate Analysis and Annotation (HAVANA) group at the Wellcome Sanger 

Institute (Figure 6.2A)373. This finding is particularly pertinent as we have shown that 

the combination of small indels and full enhancer deletion in the BEN-2 region had a 

significant and profound effect on the transcription of CR2 and CD55 (Section 4.3.3). 

Indels resulting from dsDNA cuts in our CRISPR deletion experiments could have 

inadvertently impacted this putative lincRNA by influencing its transcription or 

splicing, and therefore enhancer functionality (Section 4.3.3). The mechanism via which 

BEN-2 functions in conjunction with this potential lncRNA, or whether their colocation 

is purely coincidental requires further experimental investigation.  

6.1.2 Insights into the evolution of the RCA cluster 

Of note, TAD 2 within the RCA gene cluster is exclusively comprised of CR1 and 

CD46 and their pseudogenes CD46-like (CD46L) and CR1-like (CR1L)7,209. These 

genes and their respective pseudogenes are not positioned directly after one another. 

Early mapping studies using yeast artificial chromosomes established that these genes 

follow the order CR1, CD46L, CR1L (Figure 6.1C)7,365. This unique arrangement 

suggested that the evolution of this region involved an ancestral segment containing 

both CR1 and CD46 progenitors7.  It may be that this evolutionary event coincided with 

or led to the formation of the second TAD in the RCA gene cluster (Figure 6.1C). A 

major limitation in understanding the complex genomic architecture of this region lies 

in the imperfect gene annotation on the current human reference genome 

(GRCh38.p14). Here, CR1L has been clearly identified by the National Centre for 

Biotechnology Information (NCBI) (Gene ID 1379), situated between CR1 and CD46 . 

However, CD46L is presumed to be CD46 pseudogene 1 (CD46P1, NCBI Gene ID 

4182), although this is not clearly defined. This is because CD46P1 and CR1L are 

overlapping on the reference genome and are not two tandemly arranged genes as 

reported in the literature (Figure 6.2A)7,365. The first exon of both CR1L and CD46P1 

genes overlap one another, with the remaining exons of CD46P1 falling in the first 

intron of the CR1L gene (Figure 6.2A). The discrepancy between the manual, published 
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annotation and high-throughput annotations in the gene order of TAD 2 of the RCA 

cluster poses some unique challenges for further investigation of this region. 

Our findings suggest that PFKFB2, a non-complement gene, located 35 kb upstream of 

C4BPB could be included as part of the RCA gene cluster. Based on our findings, 

PFKFB2 is included in TAD 1 of the RCA gene cluster and is likely to interact and/or 

be co-regulated with the RCA genes in this domain. This observation may be pertinent 

from an evolutionary perspective. The RCA gene cluster has been investigated in 

several species including Gallus gallus (chicken)374, Xenopus tropicalis (frog)375 and 

Dario rerio (zebrafish) (Figure 6.3)376. Across these species, the RCA genes and 

proteins have been shown to contain SCRs and share consistent protein expression 

(soluble, GPI-anchored membrane-bound), similar to that observed in humans374-376. In 

different species, some members of the RCA cluster differ from the human cluster in the 

number of SCRs they encode and the number of genes encoding a specific protein. 

However, PFKFB2 has been consistently located in proximity to and in the same 

orientation to the RCA gene cluster in multiple species (Figure 6.3), reinforcing that its 

location may be functionally relevant374-376. 

It is notable that, while the RCA gene cluster is also conserved in mice, its members are 

separated by 6.5 Mb to two chromosomal positions211 (Figure 6.1C). A key difference 

between humans and mice is that mouse CR2 and CR1 are encoded by the same gene 

(Cr2)211. The organisation of the RCA cluster genes on the mouse genome matches 

somewhat closely to the TAD organisation of the gene cluster we identified in humans. 

Interestingly, breaks in synteny between species have been observed to occur at TAD 

boundaries170. Thus the TAD boundary we identified in CR1 may represent the 

breakpoint region for the genomic rearrangement of the RCA gene cluster in humans 

and mice (Figure 6.1C). 

Historically, another complement regulator, factor H (FH), which is encoded by the 

CFH gene, has often been included as a member of the RCA gene cluster due to the 

similarity in function with C4BP and other RCA members6,12. However, CFH is 

tandemly located next to its related genes (CFHR1, CFHR2, CFHR3, CFHR4 and 

CFHR5) which are separated by 10 Mb from the RCA genes. Therefore, this gene 

cluster has been considered to be distinct13. The long-range and structural organisation 

of the FH gene cluster has not been thoroughly investigated. However, Shanta et al. 

indicated that the FH gene cluster is divided into two TADs377. However, only a single 

TAD calling method (directionality index) was used to define the TAD boundaries 
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Figure 6.3: The genomic arrangement, orientation and co-localisation of the RCA gene cluster members has been conserved across species. 

Genes encoding RCA members in different species (scale as indicated). RCA gene colours correspond to their identified protein form; soluble (green), GPI-anchored (purple) and 

membrane-bound (blue). All investigated RCA gene clusters are located adjacent to PFKFB2 except for the zebrafish genome. Genes that have not been definitively identified are 

listed with a question mark. Cen: centromere, Tel: telomere, CRES: complement regulatory secretory protein of chicken, CREG: complement regulatory GPI-anchored protein of 

chicken, CREM: complement regulatory membrane protein of chicken, ARC: amphibia RCA genes, ZRC: zebrafish regulator of complement activation gene. 
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using relatively low-resolution Hi-C data (40 kb resolution), and no further regulatory 

elements within these TADs have been identified. Thus the TAD organisation of the FH 

gene cluster remains unclear377. Intriguingly, the FH cluster is marked by a common 

structural variant (80 kb deletion) located centrally within the gene cluster. This variant 

is also associated with SLE378. Shanta et al.  showed that the deletion of this region 

potentially altered chromatin contacts with regions adjacent to the deletion377. The 

parallels in the structural arrangement and presence of a large structural variant in both 

the RCA gene cluster and FH gene cluster suggests that their TAD arrangements may 

have been conserved or were driven by similar mechanisms. Investigating these two 

fascinating gene clusters in parallel may lead to insights into the evolutionary 

mechanism that drove the separation of these genes. 

6.1.3 Insights into the role of the RCA members in autoimmune disease 

In our study, we defined new mechanisms by which SLE-associated genetic variants 

within the RCA gene cluster impact gene expression. These include the previously 

unmappable LCR1 segmental duplication in CR1, which exists as a common CNV215. 

We showed that LCR1 co-localises with a TAD boundary (Figure 6.1A). Given that the 

TADs in the RCA gene cluster form gene-gene and gene-enhancer interactions, we 

propose that this CNV may influence disease aetiology through broadly altering TAD 

organisation, chromatin looping and/or gene expression (Figure 6.4). We shed light on 

an SLE-associated SNP located in the first intron of CR2 (rs1876453) and confirm that 

it is very likely to influence CR1 expression via chromatin looping and gene-enhancer 

interactions (Figure 6.1D). In addition, we uncovered a novel enhancer (BEN-2) and 

showed that it is involved in EBNA2-mediated upregulation of CR2 expression in B 

cells. These data lay the foundation for understanding how dysregulated expression of 

CR2 could be exacerbated by genetic and environmental risk factors for SLE (Figure 

6.1D). Overall, these findings establish that the involvement of CR2 and the RCA gene 

cluster members in the aetiology of SLE is convoluted and complex. 

CR2 and the other RCA gene cluster members have been linked to numerous diseases 

(Figure 6.2C), including other complex systemic autoimmune diseases such as 

Sjögren’s syndrome (SjS) and systemic sclerosis (SSc). SjS is an autoimmune disease 

which predominantly affects mucous membranes and salivary glands, while SSc is a 

rare autoimmune disease characterised by widespread fibrosis and vascular 

abnormalities. Both SjS and SSc can affect multiple organ systems, sharing numerous 
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Figure 6.4: Model of proposed mechanism by which LCR1 copy number variation influences the 

chromatin conformation and transcription of the RCA gene cluster.  

Illustrations of TAD 1 (blue) and TAD 2 (red) of the RCA gene cluster represented on the linear genome 

(A) and in three-dimensional form (B). The inter-TAD boundary of the RCA gene cluster (stop sign) co-

localises to a segmental duplication within CR1 called ‘low copy repeat 1’ (LCR1). This duplication is a 

copy number variant which predominantly exists in the population as one copy (CR1-A) or two copies 

(CR1-B). Therefore, LCR1 copy number potentially influences the chromatin structure of the RCA gene 

cluster and the transcription of its members via enhancers, such as BEN-2. Based on the presiding 

extrusion model for TAD formation, it is likely that a higher copy number of LCR1 increases chromatin 

contacts and insulation of TADs.
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pathogenic features with SLE379,380. Interestingly, SjS is predicted to affect around 9% 

to 33% of SLE patients379. 

The complement system and the RCA gene cluster are also involved in the development 

of these systemic autoimmune conditions at the functional and genetic level. Soluble 

C4BP and CR2 in sera and the expression of CR1 on erythrocytes are significantly 

altered in SjS compared to healthy controls145,381,382. A SNP in CR2 (rs4317805) has 

been found to be significantly associated with SSc in GWAS383, and a SNP within the 

promoter of CD46 has also been linked to SSc384. Like SLE, the question remains as to 

how and if the multitude of disease-associated variants across the RCA gene cluster 

influence one another (epistasis) and contribute to disease aetiology. This is particularly 

important given the extent to which RCA members interact and are co-regulated, and 

considering their diverse and broad expression profiles. Another layer to consider is the 

impact of environmental factors, such as EBV, on the expression of these genes. 

Notably, SjS is also influenced by EBV94,279. It is likely that genetic variants exert their 

effect on gene expression in more than one cellular and environmental context. 

Attempting to unwind this network of interactions is a daunting albeit exciting 

challenge (Figure 6.1D). 

Epistasis is widely recognised to contribute to the “missing heritability” of complex 

disorders84. The RCA, has promising utility in which to explore epistasis, as has been 

demonstrated by other gene clusters, such as the major histocompatibility complex 

(MHC). The MHC has a complex genomic arrangement spanning 4 Mb on human 

chromosome 6. It encodes molecules with roles in antigen presentation, inflammation, 

innate and adaptive immune responses, and complement385. This region was the first 

locus linked to autoimmune disease and harbours strong associations with a variety of 

conditions 386. Due to the high degree of linkage disequilibrium in the MHC, identifying 

causal variants has been a challenge. Numerous distinct haplotypes across the MHC 

have been linked to autoimmune diseases, including SLE. Fine-mapping of the region 

has been successful in identifying epistatic effects385-387.  More recently, efforts have 

been made to determine the biological or regulatory underpinnings for these 

associations in the MHC.  Specifically, disease-associated polymorphisms fall within 

transcription factor binding sites and are likely to influence the expression of multiple 

genes388. 

The close relationship and potential epistatic interactions across the RCA gene cluster 

have been exploited prior to this investigation. Lester et al. studied the association 
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between RCA members in SjS and identified two haplotype blocks across CR1, CD46L, 

CR1L and CD46 that were significantly associated with this autoimmune disease389. 

However, their study focused solely on the statistical co-occurrence of genetic 

variants365,389. In addition, Esparza-Gordillo et al. elegantly identified a haplotype block 

spanning C4BPB, CD55, CR1 and CD46 that was significantly associated with atypical 

haemolytic uraemic syndrome (aHUS)390. aHUS is a microvasculature disorder marked 

by thrombocytopaenia, anaemia and acute renal failure. Mutations in CFH account for 

approximately 50% of all aHUS cases. Other complement genes, including CD46, are 

also known to contribute to this complex condition. However, many patients remain 

without a genetic diagnosis391,392. The fine mapped RCA haplotype associated with 

aHUS encompassed several non-coding, intergenic SNPs, including the intergenic 

region between PFKFB2 and C4BPB, CR2 and CR1, and CR1L and CD46. Indeed, the 

authors hypothesised that these SNPs may influence expression of multiple RCA genes 

in tandem390. Our findings provide a functional basis for and strongly reinforce this 

hypothesis. Continued, strategical fine mapping of the RCA gene cluster will potentially 

identify additional disease-associated variants in a functionally, evolutionarily and 

genetically relevant context.  

A long-standing goal for understanding the genetics of complex autoimmune diseases is 

to improve diagnostic accuracy, disease stratification, risk assessment and further the 

development of targeted treatments393,394. While much progress has been made in this 

field, particularly in the era of high throughput genomics and GWAS, difficulties 

remain in determining the underlying disrupted molecular mechanisms for identified 

variants. This is particularly pertinent in autoimmune disease due to the scale in which 

biological and genetic pathways of this group of conditions overlap395-397. Ultimately, an 

understanding of the mechanism by which variants affect biological pathways is 

required for the application of genetics into clinical practice. In conjunction with 

GWAS, adjacent strategies to identify and investigate the genetics of autoimmune 

diseases remain warranted, including association studies to better capture structural 

variants, epistasis and environmental contexts398-400.
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6.2 Conclusion 

The RCA gene cluster represents an intriguing locus in which to explore SLE and other 

autoimmune disease. This is in part due to its important, shared biological roles in 

immunity and infection, as well as its members close evolutionary relationship. The 

findings presented in this thesis shed light on long-standing questions relating to CR2, 

the RCA gene cluster and EBV infection. We show that CR2 sits within a complex 

regulatory network spanning gene-gene, gene-enhancer and gene-environment 

interactions across the RCA cluster. These findings give further insight into the biology, 

genetics and evolution of the RCA gene cluster, and highlight new avenues for 

continued exploration into this fascinating locus while providing novel insights into 

disease mechanisms (Figure 6.1). 
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