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Abstract 

The regulators of complement activation (RCA) cluster on human chromosome 1 contains 

several functionally related genes; CR1, CR2, CD55, CD46 and C4BPA/B, which play crucial 

roles in the regulation of complement-mediated immune pathways. The complement    

receptor 2 (CR2) gene is expressed predominantly in B cells and has been associated with the 

autoimmune disease systemic lupus erythematosus (SLE) using gene knockout and linkage 

studies in mice and genome wide association studies in humans. Of particular interest is an 

SLE-associated single nucleotide polymorphism (SNP) within the first intron of CR2 which 

affects expression of the downstream complement receptor 1 (CR1) gene potentially via 

chromatin looping. Although several regulatory elements controlling CR2 expression have 

been identified, the potential impact of long-range genomic interactions with putative 

regulatory sequences (e.g. enhancers) and other RCA genes has yet to be explored. To this 

end, we measured genomic interactions from the CR1 and CR2 promoters and nearby loci 

that were bound by an important genome architectural factor, CTCF, in B cells. Data revealed 

that the RCA locus is likely partitioned into two topologically associated domains (TADs) 

within B cells and highlighted the location of potential regulatory elements for CR2 and other 

RCA family members. In vitro reporter assays combined with chromatin accessibility, 

nucleosome occupancy and chromatin immunoprecipitation data suggested the existence of 

enhancer sequences upstream of CR2. The activity of one of these enhancers largely matched 

developmentally restricted patterns of CR2 expression across cell types representative of the 

B-lineage progression, adding further confidence to our findings. Considering the similarities 

in function, evolutionary relatedness, and common expression within B cells, it is likely that 

such sequences may also regulate CR1 in B cells through the formation of an intra-TAD 

regulatory hub.  

The CR2 gene also exhibits expression patterns conducive to post-transcriptional fine tuning 

by non-coding microRNAs. As miRNAs typically act by binding to the 3’ UTR of target 

genes, we employed predictive algorithms to model likely target sites across the CR2 3’ UTR. 

These revealed conserved target sites for two miRNAs with well characterised roles at 

various stages of B-cell development; miR-34a and miR-19. Sequential reporter deletion 

assays were used to delineate functional regions within the 3’ untranslated region (UTR), 

followed by mutagenesis of putative miRNA target ‘seed’ sequences. Results indicated that a 

large number of candidate miRNA target sites are non-functional across a range of B- and 
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non-B cell types. The miR-19 site demonstrated the best evidence for functional regulation of 

CR2, especially within cells containing high levels of mature miR-19. To extend these 

findings, chromatin accessibility assays were performed and demonstrated consistently high 

levels of promoter accessibility at the host gene locus (MIR17HG) in a range of B- and non-B 

haematopoietic cell types. Chromatin accessibility at miRNA host gene promoters also 

correlated well with expression patterns for a number of additional miRNAs with established 

roles at various B-cell developmental stages. 

Collectively, our findings contribute towards understanding the functional impact of non-

coding genetic variants and cooperative interactions of RCA gene family members. They also 

further define the mechanisms responsible for the regulation of the CR2 and CR1 genes, 

including miRNA-mediated targeting. Such findings are crucial to the understanding of how 

non-coding SNPs and/or perturbations in non-coding RNA expression profiles may impact 

their target genes and thus cause disease. 
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Chapter One – General Introduction 

1.1 Haematopoietic cell development and immune function 

1.1.1) Haematopoietic cell populations are derived from stem cells that 

subsequently progress down specific lineages 
Haematopoiesis is an important model system for differentiation in which haematopoietic 

stem cells (HSCs), predominantly within the bone marrow, progressively differentiate to 

generate distinct blood cell types (reviewed in Birbrair et al.1) [Figure 1.1]. Long-term HSCs 

(LT-HSCs) are characterised by their highly proliferative nature and extensive self-renewal 

capacity, whereas short-term HSCs (ST-HSCs) are less proliferative but are still capable of 

self-renewal2,3. Further developmental progression to multipotent progenitors (MPPs) 

eliminates self-renewal capabilities, though these cells retain their full lineage potential4,5. 

Subsequent progression to the oligopotent common lymphoid progenitor (CLP) and common 

myeloid progenitor (CMP) populations defines the first stage limiting differentiation 

potential6–9. However, it has been shown that lineage-biased progenitors or even committed 

cells may be reprogrammed to alternative lineages by induction of signalling pathways or by 

ectopic expression of key differentiation factors such as PU.1, GATA1 or C/EBPα10–15. 

Myeloid progenitors further diverge to megakaryocyte-erythroid progenitors (MEPs) and 

granulocyte/macrophage progenitors (GMPs) which generate effector cells such as 

phagocytic granulocytes and megakaryocytes (Figure 1.1). Conversely, CLPs commit directly 

to either the natural killer (NK), T or B cell lineage and proceed down their respective 

developmental pathways. Interestingly, dendritic cells may arise from either the CMP or CLP 

populations16–18. 

1.1.2) Differentiated haematopoietic cells comprise the immune system 
Most haematopoietic cells play a role in the innate immune response, which rapidly targets 

and eliminates pathogens. T and B lymphocytes comprise the adaptive immune system, 

which allows for a more robust, long-lived and targeted response to pathogens19,20 (Figure 

1.2). A variety of T cell populations exist, including CD4+ helper cells, CD8+ cytotoxic cells, 

and regulatory T cells (Tregs), as well as two subsets implicated in both the adaptive and 

innate immune response: NK and γδ T cells21–23 (Figure 1.2). There are two distinct lineages 

of B cells which can be differentiated by location, surface marker expression, antibody 

repertoire and growth properties24–27. The B-1 lineage predominates in foetal development
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Figure 1.1) Haematopoietic cell lineage pathways and intermediates. Self-cycling long-term haematopoietic stem cells (LT-HSCs) develop into short-term HSCs (ST-HSCs) 
with reduced proliferative potential and subsequently differentiate into multipotent progenitors (MPPs). MPPs may then progress towards the lymphoid lineage (common 
lymphoid progenitor; CLP) or myeloid lineage (common myeloid progenitor; CMP). CLPs may further commit to the T cell, B cell or NK cell lineage. CMPs progress to either 
megakaryocyte-erythroid progenitors (MEPs) which generate erythrocytes and megakaryotes, or granulocyte-macrophage progenitors (GMPs) which differentiate into 
granulocytes (basophils, eosinophils and neutrophils) or monocytes and macrophages. 
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Figure 1.2) Various nucleated haematopoietic cell types that comprise the innate and adaptive immune 
systems. The majority of nucleated haematopoietic cells are involved in the innate immune response, 
including phagocytic cells (dendritic cells, neutrophils, macrophages, monocytes; red labels) and various other 
leukocytes (basophils, eosinophils, mast cells, NK cells, B cells, and T cells; black labels). The adaptive immune 
system is comprised of B cells and T cells, including CD4 (helper), CD8 (cytotoxic) and Treg (regulatory) T cells. 
B-2 cells represent the traditional B cell which, upon activation and terminal differentiation, produces 
antibodies (black, ). NK and γδ T cells play a role in both the innate and adaptive immune responses. 
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and secretes protective natural antibodies as part of the innate immune system, whereas the 

B-2 lineage predominates in adult life28,29. B-2 cells represent the conventional B cell, and 

give rise to marginal zone (MZ) and memory B cells (Bmem) which play a role in the adaptive 

immune response29–31 (Figure 1.2). For the sake of clarity the term ‘B cell’ will herein refer 

specifically to cells of the B-2 lineage. 

1.2 B cell development and function 

1.2.1) B cell commitment involves the concerted action of multiple 

regulatory factors 
Differentiation of B cells is achieved via the stepwise progression through multiple 

developmental intermediates. This process is controlled by regulatory mechanisms including 

microRNAs (miRNAs) and transcription factor (TF) binding to target sequences within the 

genome (Figure 1.3). In HSCs, several key TFs, including RUNX1, TAL1, GFI1 and 

GATA2, are required for survival and self-renewal and many of their targets have been 

examined on a genome-wide scale32,33. Pioneer factors PU.1 and IKZF1 initiate 

haematopoietic lineage commitment by establishing chromatin accessibility at regulatory 

elements and activating transcription of target genes2,12,42,34–41. In particular, PU.1 has been 

shown to be a key driver of myeloid versus lymphoid cell fate41,43,44. 

Beyond the HSC stage in haematopoietic lineage divergence, stimulation of cells by 

cytokines and activation of key transcription factors shape cell identity. For example, the 

haematopoietic growth factor IL-7 stimulates proliferation and differentiation of pre-pro-B 

cells45,46 and the transcriptional regulator E2A is crucial for lymphoid development47–51. 

Upon lineage commitment, E2A has also been shown to induce the expression of early B cell 

factor 1 (EBF1) in CLPs50,52,53, which subsequently activates expression of B cell specific 

activator protein (BSAP, also known as PAX5)54,55. Unsurprisingly, knockout of these factors 

in mice arrests development of B cell progenitors and subsequent lineage progression. 

Specifically, E2A-deficient mice show a block at the pre-pro-B cell stage and exhibit 

compromised rearrangements at the Ig heavy chain (IgH) locus; an important process in 

formation of a functional B-cell receptor (BCR)51. Both E2A- and EBF1-deficient mice also 

fail to express important B cell factors such as Rag1, mb-1, Cd19 and Pax551,56. Additional 

factors critical in early B cell development include BCL11A and FOXO1, and knockout of 

their corresponding genes leads to arrest at the CLP and pro-B cell stages, respectively57–59. 



 

 
 

5 

 

 

 

Figure 1.3) Key transcription factors and miRNAs controlling B-lineage commitment and differentiation. Several transcription factors are required for maintenance of the 
pluripotent state (RUNX1, TAL1, GFI1), while others are crucial for priming or initiating progression of cells to the next stage of the developmental pathway (listed above 
arrows). PAX5 (red) is critically important for B lymphoid commitment and inhibits key factors for alternative lineages (T-lymphoid; green, and myeloid; blue), and 
maintains B cell identity in latter stages of development until terminal differentiation to plasma cells. Several key miRNAs that exert their function at specific stages of the 
developmental pathway are also shown (underlined). Tissue sites are indicated by background shading. Development starts in the bone marrow (purple) and eventually 
transitions to the spleen (pink) where cells may localise to secondary sites such as germinal centres (GC; orange). Upon activation, mature B cells terminally differentiate 
into plasma cells which are secreted into the blood (red). Expression of the complement receptor 2 (CR2) gene is indicated below each cell type; no expression is detected 
in early stages of B cell development (CR2-) and highest levels are observed in mature B cells (CR2+++). 

  



 

6 
 

The expression of PAX5 is crucial for absolute commitment to the B cell fate, and is required 

throughout the B cell lineage for maintenance of B cell identity60–62 (Figure 1.3). This is 

predominantly achieved by activation of critical B cell genes, encoding TFs and proteins 

involved in B cell signalling, adhesion, migration, antigen presentation and germinal centre B 

cell formation, together with inhibition of NOTCH1 and M-CSFR; critical factors for 

induction of T lymphoid and myeloid cell development, respectively61,63 (Figure 1.3). 

Consistent with its role in the definition and maintenance of B cell identity, PAX5 is critical 

for expression of the traditional B cell marker CD19,64 the BCR signalling tyrosine kinase 

Blk, the adaptor protein Blnk, and BCR co-receptor CR265–68. To add additional complexity 

to the regulatory network, PAX5 is in turn regulated by the aforementioned PU.1 and 

interferon-regulatory factors IRF4 and IRF854,55,69. During later stages of B cell development, 

suppression of PAX5 and other B cell identity genes is achieved by induction of BLIMP1 in 

response to mature B cell activation70,71 (Figure 1.3). This inhibition of PAX5 alleviates 

repression of plasma cell differentiation factor XBP1, and promotes plasma cell growth and 

immunoglobulin (antibody) production70,72. Other BLIMP1 targets include activation-induced 

deaminase (AID) which is necessary for class-switch recombination (CSR) and somatic 

hypermutation (SHM)70,73, and BCL6 which functions as a transcriptional repressor and 

prevents premature activation and differentiation of germinal centre (GC) B cells74. 

1.2.2) B cell development is tightly controlled and involves several 

developmental checkpoints 
Several checkpoints exist within the B cell developmental pathway, culminating in the 

formation of functional mature B cells, which terminally differentiate into antibody-

producing plasma cells upon activation by antigen binding to the BCR (Figure 1.4). During 

the early stages of lineage commitment, pro-B cells express surface markers CD19, B220, 

CD43 and KIT, and have switched off pluripotency markers such as FLT375. Recombination-

activating genes RAG1/2 activated in pro-B cells also play a role in rearrangement of the Ig 

heavy (IgH) and Ig light (IgL) chain loci (Igκ and Igλ); an essential step for progression to 

the pre-B cell stage76–79. Expression of the pre-BCR complex on pre-B cells indicates 

successful IgH rearrangement and represents a critical developmental checkpoint80,81 (Figure 

1.4, Checkpoint 1). However, because formation and expression of the BCR is a result of 

random immunoglobulin gene rearrangement (CSR and SHM), approximately 50-75% of 

newly generated B cells within the bone marrow possess a self-reactive receptor82.
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Figure 1.4) B cell developmental checkpoints. Committed lymphoid progenitors (CLPs) progressively differentiate to pro-B, pre-B, transitional (T1/T2) and various mature B 
cell subsets: marginal zone (MZ), follicular (FO), germinal centre (GC) and memory (MEM) cells. Early development occurs in the bone marrow (purple) and the transition to 
mature B cells occurs in the spleen (pink). A subset of mature cells also exists within germinal centres (GC) within the spleen. The developmental pathway is tightly 
regulated and must pass several checkpoints (red) which restrict the generation of self-reactive B cells. These include several stages where the B-cell receptor (BCR) is 
tested for autoreactivity and BCR immunoglobulin chains rearranged or cells apoptosed accordingly (stages 1/2/3). Transitional cells encountering antigen before reaching 
maturity typically undergo apoptosis or anergy (negative selection; checkpoint 4). Antigen stimulation of follicular or memory B cells can trigger immunoglobulin heavy 
chain (IgH) class-switch recombination or immunoglobulin variable chain (IgV) hypermutation to increase affinity for antigen prior to terminal differentiation into plasma 
cells (PC). 
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Therefore, at this stage of development the pre-BCR is also tested for autoreactivity; a 

phenomenon in which self-antigens are recognised by the BCR as foreign83,84. This 

checkpoint is known as the central tolerance checkpoint82,85 and initiates either positive or 

negative selection of the corresponding pre-B cells83,86. Mechanisms of negative selection 

include clonal anergy or deletion (by triggering apoptosis), and receptor editing in which B 

cells undergo secondary recombination to generate a non-autoreactive BCR87,88. 

For cells that proceed past the central checkpoint, signals received through the pre-BCR are 

required to initiate proliferation and recombination of the IgL chain genes and progression to 

the immature B cell state 89,90. This stage constitutes a third developmental checkpoint, during 

which successful productive rearrangement of IgL chain loci fit for BCR formation and a lack 

of BCR auto-reactivity allow immature cells to switch off RAG gene expression and migrate 

from the bone marrow to the spleen to constitute the transitional cell pool85,90 (Figure 1.4). 

Unlike fully mature B cells, transitional (T1/T2) cells do not differentiate and proliferate in 

response to antigen exposure. Rather, exposure to antigen may induce anergy or apoptosis 

and therefore represents a fourth developmental checkpoint before progression to the mature 

B cell stage85,91 (Figure 1.4). The fifth and final checkpoint during B cell development occurs 

at the GC B cell stage. Proliferating cells within germinal centres express AID, which 

mediates somatic hypermutation of the variable region of IgH and IgL chain genes85,92,93 

(Figure 1.4). This allows GC B cells to increase their affinity for target antigen and hence 

offer improved reactivity. This is an important process as GC B cells differentiate into 

memory B cells and, subsequently, plasma cells which exhibit high antigen affinity and allow 

induction of a rapid and robust response to a previously encountered antigen. 

1.2.3) B cells recognise antigens within the spleen and differentiate down 

multiple pathways 
The various mature B cell subsets occupy different environmental niches and thus are capable 

of receiving and relaying antigenic stimulation signals in several ways (Figure 1.5). Within 

the spleen, naïve (unstimulated) B cells encounter antigen and may subsequently differentiate 

into short-lived antibody-producing plasma cells72 (Figure 1.5 A). Alternatively, naïve B cells 

may migrate to lymphoid follicles (containing germinal centres) where stimulation by antigen 

binding to the BCR promotes B cell maturation and expansion (Figure 1.5 B). B cells within 

lymphoid follicles may also be activated by antigen presentation through follicular dendritic 

cells (FDCs) which bind untagged antigen via FcγRII or complement-tagged antigen by  
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Figure 1.5) Mechanisms for B cell activation and differentiation involving complement-tagged antigen 
binding to complement receptor(s). (A) Marginal zone (MZ) B cells bind complement-tagged (C3d; black circle) 
antigen (Ag; red circle) through the BCR and the CR2 co-receptor complex (CR2/CD19/CD81), leaving to 
activation and the production of short-lived plasma cells (PC). (B) B cells within the germinal centre (GC; 
orange) bind complement-tagged antigen as in (A), and may present antigen to T cells within the T cell zone 
(green) via communication between the T cell receptor (TCR) and the major histocompatibility complex (MHC), 
and expand to produce more GC B cells which bind identical antigen. (C) Follicular dendritic cells (FDC) bind 
immunoglobulin via Fc gamma receptors (FcγR) and complement-tagged antigen through complement 
receptors (e.g. CR2). FDCs may then present these antigens to B cells within the germinal centre, leading to 
activation and differentiation into plasma cells (PC). GC B cells may also progress to become memory B cells 
(MEM) which generate long-lived plasma cells. Adapted from: Carroll, M. et al.94 
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complement receptors (e.g. CR2) on the cell surface94–96 (Figure 1.5 C). Activated cells 

subsequently proliferate rapidly and modify their antigen affinity by undergoing SHM, 

forming the germinal centre cell pool. Over time, GC populations with enhanced affinity due 

to SHM become clonally enriched as they are capable of outcompeting cells with weaker 

affinity to the target antigen97. Critically, signals received from T helper cells within T cell 

zones adjacent to lymphoid follicles are often required to trigger the process of 

immunoglobulin class switching and subsequent monoclonal expansion97–99. For example, 

secretion of cytokines IL-21 and IL-4 enhances the proliferation, survival, and affinity 

maturation of GC B cells100. 

Subsequent differentiation of B cells critically depends on the strength of the signal received 

through antigen binding to the BCR and help from effector cells such as TH cells94. Cells with 

enhanced antigen affinity through SHM and isotype switching will typically differentiate into 

either memory B cells (Bmem) or long-lived plasma cells that secrete antibodies with similarly 

high antigen affinity101. These populations provide a robust and effective immune response 

upon future antigenic challenge. However, if GC B cells are not continuously stimulated by 

the receipt of environmental cues such as growth factors and BCR signalling, they may be 

induced to undergo apoptosis102,103. Ultimately, BCR affinity is a key driver of B cell fate, 

with weak signalling inducing MZ B cell development and strong BCR signalling promoting 

follicular B cell fate104,105. Similarly, O’Connor et al. demonstrated that high-affinity 

engagement of the BCR induces the transition of GC B cells to BMem cells, while moderate 

affinity favours the maintenance of the GC cell pool and the production of long-lived plasma 

cells101. Low levels of constant BCR signalling are also required for the survival and 

progression of transitional B cell populations106–108. 

1.2.4) Antigen binding to the B-cell receptor (BCR) induces signalling 

cascades that lead to B cell activation 
Each B cell has, on average, 1.5 x 105 BCR molecules that exhibit specificity for the same 

antigen109. Although the majority of mature B cells simply recirculate through the blood and 

lymphoid tissues 110, eventual antigen binding may induce cross-linking and internalisation of 

the BCR, culminating in B cell activation and differentiation111,112. The overall response 

depends on a range of factors, including: the state of differentiation; the composition, 

concentration, and valence of antigen; and the cellular environment113. For example, BCR 

crosslinking on immature B cells usually results in cell death or growth inhibition114–118. In 
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contrast, stimulated mature B cells typically become activated, leading to upregulation of 

transcription factors and other proteins necessary for subsequent proliferation and 

differentiation114,119,120. Briefly, antigen binding to the BCR induces a cascade of 

phosphorylation events, involving multiple kinases (e.g. LYN, SYK, BTK, BLK, PI3K), 

phosphatases (e.g. CD45, SHIP-1, SHP-1, PTEN) and adaptor molecules (e.g. BLNK, 

BANK1, GRB2)121–123 (Figure 1.6). Accordingly, deficiencies in such molecules leads to 

compromised BCR signalling and the development of various B cell pathologies122,124. 

As mentioned previously, the strength of the BCR response is important for subsequent 

survival and differentiation of B cells, and thus regulatory molecules that modulate BCR 

signalling or antigen binding play a major role in the normal functioning of B cells122,125–128. 

Inhibitory co-receptors such as CD22 and FCγRIIB act by providing docking sites for LYN 

kinase, a critical initiator of the BCR signalling response129–132. In comparison, stimulatory 

co-receptors such as the CD21/CD19/CD81 complex decrease the threshold required for B 

cell activation in response to binding of complement-tagged antigens, leading to an enhanced 

signalling response133,134. Such properties make these regulators potential druggable targets 

for B cell-central pathologies such as cancer and/or autoimmune disease. For example, 

several studies have examined the potential utility of anti-CD22 agents in B cell-directed 

therapies for systemic autoimmune diseases135 and acute lymphoblastic leukaemia136. 

Another study found that high expression of CD21 reduces CD19-mediated BCR 

internalisation and consequently reduces the cytotoxicity of an anti-CD19-drug conjugate in 

the treatment of lymphoma137. 

1.3 B cells are implicated in the development of 
autoimmune disease 

1.3.1) Evasion of B cell developmental checkpoints or dysregulation of 

critical genes leads to autoimmunity 
It has been shown that approximately 75% of pre-B cells (checkpoint 1/2), 40% of immature 

B cells and 20% of naïve transitional B cells display autoreactive BCRs on their cell 

surface138. This is further reduced to around 5% in mature B cells, demonstrating the 

importance of the multiple developmental checkpoints and corresponding negative selection 

mechanisms in prevention of autoreactivity138. The failure to eliminate autoreactive B cells at 

checkpoints 2, 3 and 4 (Figure 1.4) is likely to contribute to the development of autoimmune 

diseases such as systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA)  
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Figure 1.6) Co-recognition of complement-tagged antigen by the BCR and CR2 co-receptor complex 
decreases the threshold required for B cell activation. Complement-tagged (C3d; black circles) antigen (Ag; 
red circle) engages the B cell receptor (BCR), leading to signal transduction through the Igα/Igβ 
transmembrane components and subsequent phosphorylation (orange circles) of cytoplasmic tail residues. 
This generates docking sites for kinases such as Lyn (orange) and Syk (green), which trigger secondary 
messenger pathways and ultimately result in BCR internalisation and B cell activation. Co-engagement with the 
CR2 co-receptor complex (CR2/CD19/CD81) initiates dual-receptor signalling and reduces the signalling 
threshold required for B cell activation.  
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(reviewed by Melchers, F.85). Furthermore, defects in BCR signalling responses are likely to 

play a role in the survival or differentiation of autoreactive B cells by modifying the critical 

threshold required for B cell activation139–141. 

1.3.2) Systemic lupus erythematosus is a complex autoimmune disease 

with a strong genetic component 
SLE is a complex autoimmune disease affecting multiple organs, and has been recognised to 

possess a strong genetic contribution, estimated at approximately 30% 142. This estimate is 

supported by a high degree of gender disparity (9:1 female to male ratio)143,144 and varying 

prevalence among different ethnic groups145–148. Furthermore, there is a high degree of 

heritability (> 66%) and a higher concordance rate in monozygotic twins (24 - 69%) 

compared to dizygotic twins and other siblings (2 - 5%)142,149,150. 

SLE is a highly heterogeneous disease and diagnosis requires presentation of at least four 

symptoms, including (but not limited to) malar or discoid rash, serositis, arthritis, 

neurological disorder, proteinuria and glomerulonephritis151. From a biological perspective, 

SLE is characterised by loss of immunological tolerance to self-nuclear antigens, abnormal 

T- and B cell responses and autoantibody production, with autoantibodies to DNA and 

chromatin detected in more than 90% of patients152. Accordingly, several genome wide 

association studies (GWAS) have identified a large number of susceptibility loci, with many 

genes implicated in T- and B-lymphocyte function and/or signalling153–160 (Table 1.1). A 

smaller number of associated genes implicated in SLE pathogenesis function across a much 

broader range of immune cell types (leukocytes), or act within key immune pathways such as 

complement activation (Table 1.2). 

1.3.3) Several SLE susceptibility genes have been analysed to assess how 

genetic variation may contribute to disease association 
Many SLE-associated genes and variants have been further investigated to explain their 

correlation and involvement in various SLE phenotypes (reviewed in Ceccarelli et al.161 and 

Crispín et al.162). In some cases, the genetic involvement results from copy number variation, 

as observed for the complement component C4 locus. Studies in Caucasian populations have 

shown that low C4 gene copy number is a risk factor for SLE due to impaired clearance of 

immune complexes and apoptotic debris, whilst high copy number is protective against SLE 

development163,164. Copy number variation of Fc gamma (Fcγ) receptors has also been 

associated with SLE, although the numerous mutations (risk alleles) affecting Fc receptor  
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Table 1.1) SLE-associated genes involved in (B) lymphocyte function. Information collated from Hewagama & Richardson 
(2009)165, Ramos et al. (2010)166, Costa-Reis & Sullivan (2013)167, Mohan & Putterman (2015)168, and Bentham et al. (2015)160, 
with gene/protein functions summarised from GeneCards169. As GWAS data collected prior to 2007 are known to contain 
many false positives due to poor stringency, only more recent data validated by replication study, or identified in multiple 
studies, are shown. 

Gene Function(s) Primary cell type(s) 
 B cell function  
BANK1 B cell-specific scaffold protein B cells 
BLIMP1 Transcription factor that mediates gene expression and differentiation B cells 
BLK B cell receptor signalling and B cell development B cells 
CD80 Induces T cell proliferation and cytokine production Activated B cells, 

Macrophages, DCs 

CR2 B cell activation/BCR signalling B cells 
PDCD1 Immunoglobulin surface protein involved in pro-B cell differentiation Pro-B cells 
PXK Involved in ligand-induced internalisation B cells, Monocytes 
RASGRP3 GTPase involved in signal transduction B cells 
 Lymphocyte function  
ATG5 Essential for both B and T lymphocyte survival and proliferation, Required for 

processing and presentation of antigens for MHCII 
Lymphocytes 

CD44 Cell surface protein involved in cell-cell interactions Lymphocytes (T) 
CSK Suppresses signalling by various cell surface receptors including TCR and BCR 

by phosphorylating positive effectors such as FYN or LCK 
Lymphocytes, Other 
Leukocytes 

ELF1 Transcriptional enhancer and repressor Lymphoid cells 
ETS1 Transcriptional activator/repressor in stem cell and lymphoid development Lymphocytes 
IFIH1 Cytoplasmic sensor of viral nucleic acids Lymphocytes 
IFNG Cytokine; triggers cellular response to viral and microbial infection Lymphocytes 
IKZF1 Transcription factor – regulates lymphocyte differentiation B cells, T cells 
IKZF2 Transcription factor involved in regulation of lymphocyte development Lymphocytes (HSC) 
IKZF3 Transcription factor with important role in regulation of lymphocyte 

differentiation 
B cells, T cells 

IL10 Cytokine; downregulates expression of Th1 cytokines & MHC class II 
antigens. Enhances B cell survival, proliferation, and antibody production 

Lymphocytes, 
Monocytes 

IL12A Subunit of cytokine that acts on T and NK cells HSCs 
IRAK1 Receptor-associated kinase involved in TLR and IL-1R signalling pathways Lymphocytes 
IRF5 Transcription factor involved in induction of inflammatory cytokines Lymphocytes 
IRF7 Transcriptional regulator of type I-interferon-dependent immune response Lymphocytes 
IRF8 TF that regulates genes stimulated by type I IFNs Lymphocytes 
LYN Tyrosine kinase that transmits signals from cell surface receptors B cells, Leukocytes 
PRKCB Protein kinase involved in signalling pathways B cells, Leukocytes 
PTPN22 Lymphoid-specific intracellular phosphatase Lymphocytes 
SH2B3 Negative regulator of cytokine signals. Critical role in haematopoiesis Lymphocytes 
TNFAIP3 Zinc finger protein and ubiquitin-editing enzyme – inhibits NF-kB activation 

and TNF-mediated apoptosis 
Lymphocytes 

TNFB Cytokine; e.g. inflammation. Formation of secondary lymphoid organs Lymphocytes 
TNIP1 Binds TNFAIP3 and inhibits NF-kB activation and TNF-mediated apoptosis Lymphocytes 
TYK2 Tyrosine kinase involved in cytokine receptor signalling Lymphocytes 
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Table 1.2) SLE-associated genes with other immune functions. Information collated from Hewagama & 
Richardson (2009)165, Ramos et al. (2010)166, Costa-Reis & Sullivan (2013)167, Mohan & Putterman (2015)168, 
and Bentham et al. (2015)160, with gene/protein functions summarised from GeneCards169. As GWAS data 
collected prior to 2007 are known to contain many false positives due to poor stringency, only more recent 
data validated by replication study, or identified in multiple studies, are shown. 

Gene Function(s) Primary cell type(s) 
 Complement pathway  
C2 Complement component 2 – component of C3 and C5 convertase Serum 
C3 Central role in activation of the complement system Serum 
C4 Complement component 4 – component of C3 and C5 convertase Serum 
CRP Immune complex clearance Serum 
MBL Encodes soluble mannose-binding lectin - recognises microorganisms Serum 
 Other Leukocytes  
FCGR2A/B Cell surface receptor - phagocytosis and clearance of immune complexes Phagocytic cells 
FCGR3A/B Removal of antigen-antibody complexes from circulation Neutrophils 
HLA-DR MHC class II cell surface receptor Leukocytes 
IFNA Cytokine; stimulates enzyme production Macrophages 
IFNB Cytokine involved in defence against viral infections Leukocytes 
ITGAM Cell adhesion interactions and uptake of complement-coated particles  Monocytic cells 
LILRB4 Leukocyte immunoglobulin-like receptor for class I MHC antigens Leukocytes 
LYST Regulator of intracellular protein trafficking in endosomes Leukocytes 
MAN2B1 Necessary for catabolism of N-linked carbohydrates such as mannose Leukocytes 
MHC CIII Binds antigens and mediates interaction of leukocytes Leukocytes 
SOCS1 Negative regulator (suppressor) of cytokine signalling Leukocytes 
SPRED2 Regulator of growth factor-induced activation of MAP kinase cascade Various 
TNFA Cytokine; e.g. including cell proliferation and differentiation Macrophages 
TLR7 Toll-like receptor; pathogen recognition and activation of innate immunity Leukocytes 
TLR9 Toll-like receptor; pathogen recognition and activation of innate immunity Leukocytes 
TNIP3 Binds TNFAIP3 and inhibits NF-kB activation and TNF-mediated apoptosis Various 
 General function  
JAZF1 Transcriptional repressor Various 
DNASE1 Endonucleolytic cleavage of DNA Various 
MECP2 Methyl-CpG binding protein Various 
MIR146A miR-146 host gene – fine tunes inflammatory responses Various 
PTTG1 Role in chromosome stability, p53/TP53 pathway and DNA repair Various 
TREX1 Nuclear protein with exonuclease activity Various 
UBE2L3 Ubiquitination of various proteins Ubiquitous 
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protein sequences have been studied in much more depth (reviewed in Ptacek et al.170). These 

mutations alter Fc receptor binding affinity for certain IgG isotypes and thus reduce the 

efficiency of immune complex clearance, resulting in their deposition and accumulation 

within glomeruli and subsequent disease progression171,172. However, the majority of recently 

defined SLE-associated genes have arisen as a result of genome-wide association studies. 

One of the most significant challenges in identifying causal genetic variants for complex 

traits and diseases is that a large proportion (> 90%) of the associated variants are located in 

non-coding, intronic or intergenic regions173–177. Such variants can act in numerous ways; 

they may affect splicing178, or they may impact gene regulation by perturbing transcription 

factor binding sites or by altering chromatin arrangement within promoter or enhancer 

regions179–181. Some SNPs can even disrupt or create microRNA binding sites within the 3’ 

untranslated region (3’ UTR) of genes (reviewed in Hrdlickova et al.182). Whilst many 

GWAS and eQTL analyses have been conducted across a wide range of traits and diseases, 

the functional impact of many associated SNPs remains poorly studied. Such analyses are 

further complicated by the fact that any variant may be in linkage disequilibrium with an 

untyped causal variant rather than being directly associated with disease183. More recently, 

some have argued that many associations may merely identify targets that affect disease-

relevant genes without having a direct disease association themselves184. 

Only a few SLE-associated variants have been examined in depth to determine how they may 

be involved in disease pathogenesis. These include genes encoding key BCR signalling 

factors such as BLK and BANK1. For BLK, SLE-associated genetic variants within the 

promoter region have been independently identified in three GWAS153,154,156 and reduce 

expression in B cells154. As BLK interacts with the BCR complex, it was hypothesised that 

the reduced expression could influence tolerance mechanisms in B cells154. In a similar 

manner, a non-coding variant within BANK1 causes differential expression of transcripts by 

influencing splicing via generating a novel splice site in exon 2185,186. More recently, it has 

been demonstrated by Dam et al.187 that B cells containing various BANK1 risk alleles exhibit 

decreased B cell signalling and express increased levels of FOXO1 protein; a BCR signalling 

target and TF that acts in conjunction with EBF and E2A to orchestrate B cell 

commitment188. More intriguing disease-associated genes include ETS1 and IKZF1, which 

encode key transcription factors involved in B cell development and BCR signal 

transduction155 (Table 1.1). 
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1.4 The complement system 

1.4.1) The complement system is an important part of the innate and 

adaptive immune response 
The complement system plays an important role as part of the innate immune system, and 

consists of a number of cell surface receptors and plasma proteins capable of tagging and 

eliminating antigens by marking them for phagocytosis or triggering inflammation189–192. In 

addition to direct cell lysis, the complement pathway may act to enhance B and T cell 

responses to antigen193–195. The three major complement activation pathways include the 

lectin pathway, the classical pathway, and the alternative pathway189,190 (Figure 1.7). The 

classical pathway was the first to be studied, and is activated upon antibody release as a result 

of a humoral immune response or as a result of natural antibody targeting and generation of 

immune complexes192,193. This typically involves the opsonisation of target cells or microbes 

by complement (C) opsonins such as C1q and subsequent recognition by immune complexes 

(antibody-antigen)196,197. Components released from necrotic or dying cells, such as 

chromatin, are also targets for removal via the classical pathway197.  

The lectin pathway is activated upon recognition and binding of pathogen-associated 

molecular patterns (PAMPs) by lectin proteins192,198. PAMPs allow microbes to be recognised 

as foreign, and are bound by cell surface molecules such as toll-like receptors and lectin 

proteins. For example, mannan-binding lectin (MBL) is a serine protease that subsequently 

activates complement components C2 and C4, leading to the cleavage into fragments such as 

C4b, and eventually complement component C3 cleavage and assembly of the remainder of 

the complement pathway199–201 (Figure 1.7). 

Finally, the alternative pathway is triggered by low-level activation of C3 by spontaneous 

hydrolysis at a rate of approximately 1% per hour197,202,203. Interestingly, this pathway also 

forms an “amplification loop” whereby hydrolysed C3 generates C3b fragments and their 

derivatives (iC3b, C3dg, C3d) mark (opsonise) antigens for recognition by cell surface 

proteins such as complement receptors197,202 (Figure 1.8). Complement and its receptors, such 

as complement receptor 2 (CR2), therefore bridge the innate and adaptive immune responses 

by recognition of opsonised antigens and subsequent activation of cells of the adaptive 

response, such as B cells204. 
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Figure 1.7) Activation of the complement cascade and regulation by complement regulatory proteins. 
Complement may be activated through three pathways: lectin, classical and alternative. Mannose-binding 
lectin (MBL)-associated serine proteases (MASPs) of the lectin pathway and complement component 1 (C1) of 
the classical pathway contain proteases that cleave complement components C4 and C2 to generate C2/C4 
derivatives (C2a/C4b) and C3 convertase. The C3 convertase enzyme leads to formation of C3a fragments 
(orange/yellow), which trigger inflammation, and C3b fragments (green/blue), which form C5 convertase (red). 
C5 convertase may further cleave complement component 5 (C5) to form the membrane attack complex 
(MAC) which mediates cellular lysis. C3a and C5a fragments (yellow) generated throughout the pathway lead 
to inflammation, while other fragments (green) bind antigens to make them more susceptible to the action of 
phagocytes (opsonisation). Complement regulatory proteins act at multiple points within the pathway, either 
acting as cofactors for proteolytic cleavage of complement components by Factor I (blue arrows), or facilitating 
decay of C3/C5 convertases (red bars). Additional regulatory proteins CD59 and S protein also play a role in the 
cascade by inhibiting formation of the MAC. 
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Figure 1.8) Complement receptors and complement regulators bind various complement components and 
initiate various cellular responses. Complement receptors (CRs; left) on the surface of antigen-presenting cells 
(APC) recognise specific ligands (C4b, C4b, C34d, iC3b) that bind the surface of antigens, leading to cellular 
activation or presentation of these ligands to effector cells. Complement regulators (CDs; right) also bind 
various complement components including covertases and ligands (C3b, C4b, CD97, C5b-C9), leading to 
cytokine modulation and cell maturation. 
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1.4.2) The complement pathway is regulated at multiple stages by 

complement regulatory proteins 
Due to the critical role of the complement pathway in immune system function, careful 

control is required to prevent recognition of self-targets or uncontrolled activation of 

complement pathways. This is achieved through a number of regulatory proteins termed 

“regulators of complement activation” or “complement regulators”. The complement 

receptors; CR1, CR2, CR3 and CR4, bind various ligands to initiate or modulate the immune 

response (Figure 1.8). The β-integrin family receptors CR3 and CR4 are expressed on 

phagocytic cells such as macrophages and neutrophils and therefore lead to phagocytosis of 

complement-tagged antigen190,204. In contrast, CR2 is predominantly expressed on B cells and 

FDCs95,205, and thus links the complement-assisted innate immune system which opsonises 

antigen to the adaptive immune response via the production of antibodies against the target 

antigen206. The functionally and evolutionarily related CR1 also possesses complement 

receptor activity which differs based on cell type207. On phagocytic cells such as neutrophils, 

CR1 is involved in adhesion and uptake of C3b and C4b-opsonised particles and subsequent 

phagocytosis; whereas in B cells and FDCs it promotes antigen localisation and 

processing208,209. However, the majority of CR1 is found on erythrocytes, where it binds 

microorganisms or C3b- or C4b-opsonised immune complexes which are subsequently 

transported to the liver and spleen for destruction by phagocytes such as macrophages210.  

In addition to its receptor function, CR1 acts as a complement-regulatory protein through 

several mechanisms207. Firstly, CR1 acts as a cofactor for Factor I in the degradation of C3b 

and C4b, thereby abolishing its ability to form C3/C5 convertases207,211 (Figure 1.7). 

Secondly, CR1 possesses decay-accelerating activity for C3/C5 convertases in both the 

classical and alternative pathways which, as the name suggests, accelerates their decay and 

thereby prevents further complement activation209,212. Such complement regulatory functions 

are also performed by other RCA proteins. For example, membrane cofactor protein (MCP or 

CD46) regulates C3 activation by functioning as a cofactor for Factor I 213,214, and decay-

accelerating factor (DAF or CD55) possesses decay-accelerating activity212 (Figure 1.7). 

Thus, CR1 has both MCP and DAF functions and this redundancy presumably allows some 

degree of complement pathway control should one or more regulatory proteins fail to perform 

their role, thereby protecting host cells from complement-mediated cell damage207. The 

soluble RCA family C4-binding proteins also perform similar roles to their membrane-

associated relatives, predominantly acting as cofactors for Factor I and inactivation of plasma 



 

21 
 

C3b and C4b215,216. C4-binding proteins also possess decay-accelerating activity for the 

classical C3 convertases. Additional regulators include the SCR-containing complement 

factor H (CFH) and non-SCR proteins CD59 and S protein. CFH performs identical roles to 

other RCA proteins CR1, DAF and MCP in Factor I-mediated cleavage of C3b and C4b and 

decay-accelerating activity of alternative pathway C3 convertases217,218 (Figure 1.7). In 

contrast, CD59 acts at the final stages of complement pathway activation by inhibiting MAC 

formation, while Protein S can bind and inactivate pre-MAC complexes219,220. Although their 

complement regulatory roles are likely of greatest importance from a disease perspective, 

additional functions for many of these proteins are becoming appreciated. For example, MCP 

has been reported to have immunomodulatory functions in the adaptive immune response by 

interacting with C3b on T cells and macrophages, controlling T cell activation221–223. 

1.5 The complement receptor 2 gene is a candidate for SLE 
susceptibility and plays a role in BCR signalling 

1.5.1) The CR2 gene is part of a gene cluster known as the RCA cluster 
In humans, the CR2 gene is located within a cluster of genes on chromosome 1q32 known as 

the regulators of complement activation (RCA) cluster that includes C4BPA, C4BPB, CD55 

(or DAF), CR2, CR1, CD46 (or MCP), and a duplicated gene with no known complement 

regulatory function, PFKFB2213,224–226 (Figure 1.9). Several pseudogenes have also been 

identified within this region, such as C4BPAP1/2, CD46P1, and CR1L which are believed to 

have been derived from duplications of the C4BPA, CD46, and CR1 genes, respectively225. 

This hypothesis is supported by extensive evolutionary similarities among RCA proteins227. 

Additional regulators of complement include CFH and CFH-related genes (CFHR1-5), 

although these are located within a separate genomic region225,226,228 (Figure 1.9). The relative 

size and spacing of each of the RCA genes is indicated in Figure 1.9; the related CR1 and 

CR2 genes are immediately adjacent (separated by approximately 6.2 kb), consistent with the 

theory that they arose from duplication and divergence from a single gene. Herein, discussion 

of the RCA cluster will refer specifically to the Group 2 region containing the CR1 and CR2 

genes (Figure 1.9). 

All of the RCA cluster proteins are comprised primarily of a series of short consensus repeat 

(SCR) domains which recognise and bind various antigens212,213,229. These SCRs consist of 

60-70 amino acids (AA) including four highly conserved cysteines which form disulphide 

bonds and hold the SCRs in a rigid triple-loop structure, imparting similar 3D structures of
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Figure 1.9) Genomic arrangement of the human regulators of complement activation (RCA) gene clusters. (A) Chromosome 1 ideogram (source: NIH) indicating the 
genomic position of RCA gene clusters. Pink = centromere, blue = variable region. (B) Representation of size and spacing of RCA genes on chromosome 1. The RCA Group 2 
defines the traditional RCA gene cluster and contains complement receptors 1/2 (blue) and several complement regulatory proteins (purple). Several proximal 
pseudogenes have also been identified (red). The PFKFB2 gene (orange) represents a conserved gene within the cluster that often co-localises with RCA genes though 
possesses no complement regulatory function. The RCA Group 1 set of genes located 10 Mb upstream is often described as part of the RCA cluster despite physical 
separation from Group 2 genes, and includes genes for complement regulatory protein, CFH (purple) and CFH-related proteins (CFHRs; lilac). 
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most RCA proteins230. A subset of these domains in tandem are responsible for binding 

antigen, and because RCA proteins contain between 4 (MCP and DAF) and 44 (CR1 

isoform) SCR domains they exhibit broad ligand-binding capabilities. These ligands include 

various C3 and C4 opsonins generated from the complement pathway (Figure 1.8), but are 

also exploited by various microbes and viruses for infection (reviewed by Seya, T.207). For 

example, CR2 is a receptor for complement components such as C3d, but also for Epstein 

Barr Virus (EBV)231; a feature often utilised for immortalisation of B cells to generate cell 

lines for experimental use232,233. Due to similarities in their SCRs, CR1 and CR2 both bind 

C3b and EBV231,234. However, due to the presence of additional SCRs, CR1 is also capable of 

binding C4 products and C1q235. Additional complement receptors include CR3 and CR4, 

which bind multiple ligands and are widely expressed on all leukocytes, but do not belong to 

the RCA gene cluster or protein family236. While complement receptors connect directly to 

the cell surface via short transmembrane domains237, other RCA family members lack these 

domains. Both DAF and MCP exist as a membrane-bound form and as peripheral membrane 

proteins that tether to the cell membrane via glycosylphosphatidylinositol (GPI) 

anchors238,239. In contrast, Factor H and C4-binding proteins (C4BPA and C4BPB) are found 

untethered in the plasma, though still perform similar regulatory functions to membrane-

associated regulators such as DAF, MCP and CR1227. Interestingly, C4BPB is distinct from 

both Group 1 and Group 2 RCA proteins, and its distinct structure is hypothesised to have 

arisen as a result of unequal crossing over between different SCR-containing genes227.  

RCA family members are expressed on a range of immune cell types, with some RCA 

proteins broadly expressed and others exhibiting a largely restricted cell type distribution 

(reviewed by Kim & Song240 and Piccoli et al.208) [Table 1.3]. As previously discussed, CR2 

is found predominantly on the surface of B cells, FDCs and subsets of T cells (~5%), while 

CR1 has a more broad distribution across B cells, FDCs, some T cells (~15%), erythrocytes 

and myeloid cells (reviewed by Roozendaal & Carroll241). Comparatively, CD46 is expressed 

in all immune cells except for erythrocytes213, although in mice its expression is 

predominantly limited to the testis242. Similarly, CD55 is broadly expressed in 

haematopoietic cell types and can be found in a soluble form in plasma and several other 

body fluids243,244. While C4-binding proteins are known to be secreted proteins found in 

plasma, their expression patterns have not been widely categorised227. They are, however, 

known to be synthesised predominantly by hepatocytes in the liver245. 
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Table 1.3) Known functions and cell expression patterns of RCA family proteins. FDC = follicular dendritic 
cells. Information collated from: Jacobson et al.245 and the NCBI database. 

 

  

Gene Size (kb) Protein function Cell expression 

CR1 
(CD35) 145.6 kb 

Receptor for C3b, C4b-bound complexes; 

Cofactor for C3 cleavage and decay C convertase 

T cells, B cells, 
phagocytes, FDC, 
erythrocytes, 
glomerular podocytes 

CR2 
(CD21) 35.7 kb 

Receptor for C3d, C3dg, C3d-bound complexes; 

Participates in B cell activation 

B cells, FDC, some T 
cells 

CD55 
(DAF) 65.3 kb 

Receptor for C3b, C4b-bound complexes; 

Inhibitor of decay C convertase 
All cells including 
erythrocytes 

CD46 
(MCP) 43.3 kb 

Cofactor for C3b/C4b inactivator (Factor I); 

Costimulatory factor for T cells 
Nucleated cells 

C4BPA 40.7 kb 
Cofactor for C3b/C4b inactivator (Factor I); 

Accelerates degradation of C3 convertase 
Hepatocytes (serum) 

C4BPB 11.1 kb 
Cofactor for C3b/C4b inactivator (Factor I); 

Accelerates degradation of C3 convertase 
Hepatocytes (serum) 

PFKFB2 46.6 kb Synthesis and degradation of fructose 2,6-
bisphosphate Cardiac cells (heart) 

CFH 95.6 kb 
Cofactor for C3b inactivator (Factor I); 

Increases dissociation rate of C3 and C5 
convertases 

Hepatocytes (serum) 
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Several regulatory elements controlling the expression of RCA genes have been identified, 

although in many cases these studies are limited to interrogation of their respective proximal 

promoter regions (reviewed by Martin, B. K.246). The CR2 gene is perhaps the most 

extensively studied RCA gene and is known to be regulated by promoter elements and an 

intronic silencer as discussed in further detail later (Section 1.5.4). Understanding of 

regulatory mechanisms controlling RCA genes is of crucial importance due to their central 

role in maintenance of complement pathway activity. This is demonstrated by association of 

dysregulated RCA gene expression or genetic variants with several pathologies including 

various cancers and autoimmune diseases. In fact, deficiencies in complement regulators in 

these cases may be inherently linked, as evidenced by abnormalities in RCA proteins in 

various leukaemia cell lines deficient in CR1 and DAF which render them more susceptible 

to complement-mediated attack247–249. Additionally, decreased levels of CR1 and increased 

levels of MCP and DAF have been observed on B cells of patients with chronic lymphocytic 

leukaemia (CLL), reflecting the impact of their altered expression on malignant 

transformation of blood cells247,250,251. 

1.5.2) CR2 plays an important role in adaptive immunity by regulating the 

BCR signalling threshold required for activation 
The human CR2 gene is 35 kb in length and contains 20 exons which generate two distinct 

cell-type specific isoforms by alternative splicing of exon 11252. The encoded 145 kDa 

protein is mainly comprised of short consensus repeats that bind various ligands, consisting 

of a 24 AA transmembrane segment and a 34 AA cytoplasmic tail at the C-terminal end253. 

The longer isoform contains an extra SCR between SCR10 and SCR11 of the shorter isoform 

which likely alters binding specificity for ligands253. A 72 kDa soluble form (sCD21) has also 

been characterised and is generated by shedding from lymphocytes both in culture and in 

human plasma254.  

The CR2 protein is found predominantly on the surface of FDCs and mature B cells, where it 

acts as a marker for B cell maturity95,255. On FDCs, CR2 (CD21) is capable of antigen 

presentation to B cells within lymphoid follicles and germinal centres256 (Figure 1.5). CR2 on 

FDCs also plays an important role in rescuing antigen-activated B cells from apoptosis and 

promotion of SHM and CSR257. In contrast, CR2 on B cells acts as a BCR co-receptor by 

binding antigens tagged with complement components (C3d, C3dg and i3Cb) and transduces 

signals through non-covalently associated transmembrane proteins CD19 and CD81134,258 
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(Figure 1.6). Upon antigen binding to the CR2 co-receptor complex in close proximity to the 

BCR, the threshold required for B cell activation (affinity and amount of antigen) is reduced 

by 10- to 1000-fold194,258,259. In addition to its role as a complement receptor, CR2 is also 

involved in antigen uptake and presentation (e.g. on FDCs), clearance of immune complexes 

and apoptotic cells, induction of tolerance, generation of immunological memory, and 

survival, activation, and differentiation of B cells (reviewed in Fischer et al.260). Furthermore, 

CR2 has been found on subsets of T cells and, although its functionality is not yet clearly 

defined, it has been suggested to play a role in regulation of the immune response261. 

Considering its multifaceted role in immune function, it is therefore unsurprising that CR2 

deficiencies are correlated with SLE and other autoimmune phenotypes. 

1.5.3) The complement receptor 2 gene is a candidate for SLE susceptibility 
The first evidence suggesting a relationship between CR2 function and SLE was provided by 

early mouse models which defined several genomic regions linked to disease susceptibility: 

Sle1, Sle2, and Sle3262,263. The Sle1 region mediated loss of tolerance to nuclear antigens, Sle2 

lowered the activation threshold of B cells, and Sle3 caused dysregulation of CD4+ T cells262. 

Through further congenic dissection, it was revealed that the loss of tolerance to chromatin 

mediated by Sle1 was essential for disease pathogenesis and was thus defined as a major 

susceptibility locus262. Using bone marrow chimeras, Sobel et al.264 subsequently showed that 

the locus is expressed in both B and T cells and that defects in both cell types were required 

for the production of IgG antinuclear antibodies, whereas anti-chromatin antibodies were 

produced from Sle1-expressing B cells even in the absence of T cells264. Further fine mapping 

of Sle1 defined three congenic intervals, termed Sle1a, Sle1b, and Sle1c which could 

independently cause loss of tolerance to chromatin, providing further proof that multiple 

genetic defects contribute to SLE pathogenesis263. The mouse Cr2 gene was proposed as a 

potential candidate for the Sle1c disease contribution based on its genomic positioning and 

previous studies documenting decreased expression in both lupus-prone mice and human 

SLE patients263,265. Further interrogation revealed a role in modifying autoantibody 

production, whereby Cr2 null mutant mice showed substantially increased serum 

concentrations of IgG1, IgG2b and levels of antinuclear and anti-dsDNA Abs in comparison 

to control mice266. Complementary work by Boackle et al. revealed CR2 deficiency also 

alters IgG3 autoantibody production267. At a more focused level, Boackle et al.268 also 

examined the potential contribution of Cr2 SNPs to SLE by comparison of genetically 

different mouse strains. They found that a SNP within the C3d binding domain affects an 
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important glycosylation site, destabilising the ligand-binding domain of CR2 and interfering 

with receptor dimerisation.  

Although mouse models often bear high similarity to human counterparts, the analysis of 

some loci can be difficult due to altered gene structure and/or positioning. This is indeed the 

case for the murine Cr2 locus which encodes both CR1 and CR2, whereas in humans these 

are encoded by separate genes (CR1 and CR2)269. Although their main biological functions 

are similar, their expression patterns do differ somewhat; murine CR1 and CR2 are expressed 

only on FDCs, B cells and some T cells245, which mimics the expression profile of human 

CR2 (hCR2)265. In contrast, human CR1 (hCR1) is expressed in a much broader range of 

cells, including FDCs, B cells, macrophages, neutrophils and erythrocytes (reviewed by 

Jacobson & Weis245). It is clear that these expression patterns correlate with the more diverse 

functionality of human CR1. For example, expression on circulating erythrocytes has been 

shown to be critical for binding complement-bound immune complexes and presentation to 

phagocytes270. This is further supported by a study showing that expression of human CR1 on 

mouse erythrocytes leads to enhanced immune adherence and clearance of opsonised 

antigen271.  

To further interrogate the function of human CR1/CR2, several intriguing studies have 

examined the effects of hCR1/CR2 complementation in various mouse models272,273. Using 

two lupus-prone mouse models, Pappworth et al.272 demonstrated that premature expression 

of hCR2 under control of the IgL promoter was protective against the development of 

autoimmune disease, likely due to increased apoptosis and deletion of autoreactive B cells 

during bone marrow development. The same group later examined the potential additive 

impact of hCR1 on endogenous mCR1/CR2 expression, demonstrating only a minor 

enhancement of humoral immune responses273. Similarly, hCR1 complementation of CR1/2 

deficient mice did not significantly affect the humoral immune response or impact general B 

cell development, leading to the conclusion that, unlike hCR2, hCR1 cannot substitute the 

role of CR2 in mice. 

Numerous studies have also defined connections between expression of both CR1 and CR2 

with autoimmune disease. The earliest data generated by Wilson et al.274 used flow cytometry 

to define a reduction in expression of CR1 and CR2 on B lymphocytes and of CR1 on 

neutrophils of patients with SLE. The erythrocytes of many patients with SLE also display a 

relative deficiency of CR1275–277, and in subsequent studies the expression of CR1 has been 
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shown to inversely correlate with levels of circulating immune complexes278. Furthermore, 

the dramatic expansion of CR2+ T cell populations has been documented in patients with 

active SLE279. Significantly, a study by Marquart et al. observed B cell levels of hCR1 and 

hCR2 were approximately 50% reduced in comparison to healthy controls280. This is 

especially important from the perspective that CR2 engagement on the surface of B cells 

from patients with SLE correlates with increased antigen responsiveness and thereby 

promotion of autoreactivity upon recognition of autoantigen281. The above studies are, 

together, highly suggestive that aberrant expression of complement receptors CR1 and CR2 

contributes to immune complex-mediated autoimmune diseases such as SLE.   

From a genetic perspective, linkage studies in humans have defined the locus containing CR2 

(1q32) as a susceptibility locus for SLE282. Specifically, a targeted genome scan of the 1q21-

43 region was performed based on synteny to the corresponding mouse locus previously 

associated with SLE susceptibility. This study involved 126 lupus multiplex families 

containing 151 affected sibling pairs, and identified the CR2 gene at 1q32.2 as a major 

positional candidate. To further interrogate its potential role in human disease, 1,416 

individuals from 258 Caucasian and 142 Chinese lupus simplex families were analysed in 

genome wide association studies, and demonstrated a common three SNP polymorphism 

haplotype (including variants rs3813946, rs1048971, and rs17615) associated with lupus 

susceptibility. Several of these SNPs were investigated to define their potential genetic 

contribution, with rs3813946 affecting promoter activity and, correspondingly, CR2 

transcription282. Further studies using cell lines revealed that the SNP likely functions by 

influencing chromatin accessibility and consequently, alters transcription factor binding283.  

In a confirmatory study, Douglas et al.284 replicated the SNP haplotype association and found 

that the rs1048971 and rs17615 minor alleles decrease splicing efficiency of the alternatively 

spliced exon 11, resulting in increased relative amounts of the short isoform of CR2. 

Although the exact role of the two CR2 isoforms (long and short) has yet to be precisely 

defined, it has been reported that the respective mRNAs exhibit tissue-specific expression 

differences; the long isoform being predominantly expressed in FDCs, and the short isoform 

mainly in B cells 285. However, further studies by Braun et al.286 showed that both isoforms 

were expressed in B cells and in T cells. Notably, the SCR domain encoded by exon 11 

contains two putative N-linked glycosylation sites287, which may alter the structure of the 

CR2 protein and hence avidity for ligands284. Finally, a SNP located within the CR2 

transmembrane domain has also been identified and causes a non-conservative AA change of 
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glutamic acid to alanine which has been hypothesised to affect BCR signalling by impacting 

co-association of CR2 with CD19284. Whilst these studies provide promising evidence for a 

genetic contribution of CR2 to SLE, it is important to consider that such variation may not be 

causative in all populations or sample types. For example, the aforementioned three SNP CR2 

haplotype identified in Chinese and Caucasian populations has not been replicated in a 

similar case-control study on Japanese individuals288. GWAS differences across populations 

are not uncommon, and may reflect limited sample size (SNP frequencies) or a lack of 

association in certain populations (reviewed in Rosenberg et al.289). 

More recently, an intriguing study from our laboratory and collaborators has examined the 

potential functional impact of an intronic CR2 SNP (rs1876453) associated with lupus and 

the production of dsDNA autoantibodies290. Whilst no differences in CR2 mRNA or protein 

expression were detected when comparing primary B cells from individuals with the major or 

minor allele of the SNP, both CR1 mRNA and protein levels were significantly higher in 

subjects with the minor allele (A). It was therefore hypothesised that this SNP, located within 

the first intron of CR2 near the TSS, potentially affected CR1 expression by altering 

chromatin architecture across the region containing these two genes. Upon analysis of 

enrichment and binding affinity of the master regulator of genome architecture, CTCF, it was 

found that its affinity was reduced in the presence of the minor allele (A) at rs1876453290. 

This provided an interesting mechanistic explanation for the function of this non-coding 

genetic variant. 

1.5.4) Several regulatory elements controlling CR2 expression have been 

identified 
CR2 expression is tightly controlled throughout B cell development, such that surface 

expression is restricted to mature B cell stages and is undetectable on early pre- and pro-B 

cells and terminally differentiated plasma cells265,291,292 (Figure 1.3). Importantly, CR2 

expression also varies within mature B cell subsets, with the transition of human transitional 

B cells from CR2low to CR2high believed to be a checkpoint for BCR self-reactivity293. Control 

is primarily mediated at the level of transcription by a number of regulatory mechanisms, 

including promoter methylation, chromatin accessibility, promoter elements, and distal 

control sequences294. The CR2 promoter was first characterised by Rayhel et al.295 at –1253 to 

+75 relative to the TSS, and subsequently identified potential SP1 and AP-2 control 

sequences, several DNase I hypersensitive sites, and a high percentage (~40%) of CG 
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dinucleotides suggestive of the presence of a CpG island. Methylation of such CpG islands 

typically results in transcriptional silencing296, and has indeed been shown to partially control 

expression of CR2297. Specifically, the CR2 promoter CpG island was found to be methylated 

in pro- and pre-B cells (CR2-negative) and unmethylated in mature B cells (CR2-positive). 

However, the same CpG island was found to be unmethylated in non-CR2 expressing late-

stage B lymphocytes (plasma cells), suggesting that additional mechanisms are crucial for 

silencing of CR2 expression upon terminal differentiation. This study also utilised TSA 

inhibition of histone deacetylase to show that acetylation was important for mediating 

changes in chromatin structure within the CR2 promoter during B cell differentiation297.  

Additional research has been conducted on the CR2 promoter, including further refinement of 

the core promoter region capable of driving basal transcription298. More recently, regulatory 

elements within this region have been more clearly defined, and include a non-consensus 

TATA box, an initiator element, a downstream promoter element, CBF1 and C/EBP-beta 

binding sites, and tandem E-box motifs which bind TFs such as E2A299,300. An NF-κB 

promoter element has also been shown to enhance activity of the CR2 promoter in B cells, 

suggesting CR2 is a target of NF-κB responses initiated by processes such as inflammation 

and immune system induction301. Chromatin accessibility and occupancy of the general 

transcriptional machinery across the promoter also correlate with expression patterns in 

various B and non-B cell subsets300,302.  

Promoter activity has been shown to be critically dependent on the activity of a 2.5 kb cell 

type-specific repressor element within the first intron of CR2294,303,304. This CR2 silencer 

(CRS) was, in conjunction with the CR2 proximal promoter, capable of repressing 

transcription of CR2 in non-expressing cell lines and tissues in transgenic mice and stable cell 

lines294. This silencer binds transcriptional repressor CBF1; a component of the Notch 

signalling pathway that plays an important role in lymphoid lineage commitment298,303. 

Mutation of the CBF1 binding site leads to loss of silencer activity, demonstrating the crucial 

importance of this element for silencer functionality303. Furthermore, this silencer element 

appears to possess a DNase I hypersensitive site which shows cell type-specific differences 

between CR2-expressing and non-expressing cell lines294. A silencer element has also been 

identified within the first intron of mouse Cr2 and is similarly important for cell type-specific 

expression305,306. Surprisingly, deletion of a critical MH box sequence from this element in 

mice had no effect on B cell subsets or CR2 expression on B cells and FDCs compared to 

wild-type controls307. The authors hypothesised that the identified silencer region may instead 
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control the expression of other genes on the same chromosome or elsewhere in the genome; 

an assumption partly supported by array analysis of splenocytes from deletion mice307.  

Genes which exhibit highly restricted expression patterns, such as CR2, are often controlled 

by a complex array of regulatory mechanisms. Although several elements controlling CR2 

expression have been established, these do not completely explain its precise developmental 

induction within the B cell pathway. Activation by distal enhancer elements is one likely 

possibility, especially considering the intronic SNP, rs1876453, appears to affect expression 

of the far downstream CR1 gene. Expression may be further augmented by post-

transcriptional regulatory mechanisms such as microRNA-mediated downregulation. 

1.6 Enhancers and chromatin dynamics are important for 
gene activation and cell lineage commitment 

1.6.1) Enhancer features and mechanisms of action 
Enhancers are relatively short DNA sequences (typically 200 bp to 1 kb) that act over large 

distances within the genome to activate transcription from target promoters308,309. In recent 

years, large-scale enhancers, termed super-enhancers or stretch enhancers, have also been 

characterised. These are typically occupied by master regulator TFs and regulate many 

important developmental genes308,310,311. Eukaryotic enhancers frequently communicate over 

distances >100 kb, up to 1 Mb312 or even in trans by looping of intervening DNA313,314. 

Enhancers are found at various locations relative to their target genes; they may be positioned 

intronically either within the target gene or a separate gene, or more commonly, within 

intergenic regions. They may be located great distances away on the same chromosome, or on 

different chromosomes315,316. It has even been reported that sequences within coding exons 

are capable of acting as enhancers for neighbouring genes317 or their own gene318. 

Enhancers are frequently occupied by diverse combinations of TFs, including lineage-

regulating TFs, chromatin regulators and signalling effectors319, which bind to typically short 

~6-12 or 16-20 bp motifs320. The suite of bound TFs is dynamic, often changing with 

developmental state and the presence (or absence) of certain stimulatory signals (reviewed in 
320,321). Whilst TF binding may have direct activator function, as when bound to proximal and 

core promoter elements, TFs can also affect the structure of DNA by mediating DNA looping 

or remodelling of chromatin to facilitate the recruitment of additional TFs322 (Figure 1.10). 

Existing models demonstrating potential mechanisms for enhancer function have been 

previously reviewed by Spitz et al.320. 
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Figure 1.10) Enhancers are progressively primed for activation during differentiation and interact with target 
promoters by genomic looping. (A) Chromatin (black lines) within the nucleus is positioned to facilitate gene 
activation. The nucleolus is labelled in dark blue. Inactive chromatin is tightly compacted with nucleosomes 
(circles, ) positioned close together. (B) Inactive enhancers (grey) are primed by binding pioneer factors (P; 
pink/red), which may occur early during differentiation or upon receiving a developmental stimulus. Pioneer 
factors act to open the chromatin and space out nucleosomes. Although this primes enhancers they are not 
yet active (C) Upon lineage commitment, lineage-determining factors (L; blue) are recruited to enhancers, 
eventually leading to enhancer activation (yellow/blue chromatin, ). (D) Histone modifying enzymes (H; 
green/yellow) are subsequently recruited and modify specific amino acid residues on histone tails (red circles). 
Enhancer (upper strand) is brought into proximity of target promoter (bottom strand) by genomic looping. This 
interaction (green arrows) can lead to an increase in general transcription factors (G; purple) at the target 
promoter and increase transcription from RNA polymerase (RNAP; green). The transcriptional start site is 
indicated by a black arrow on the lower DNA segment. 
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1.6.2) Master regulators and pioneer factors 
Genome-wide profiling methods have been used to characterise candidate regulatory regions 

and assess enhancer dynamics during cell differentiation. Such approaches are beneficial as it 

has been shown that most regulatory elements are distal to promoters323. In an interesting 

study, Wilson et al.33 generated a map for the binding patterns and combinatorial interactions 

of ten key regulators of blood stem/progenitor cells (TAL1, LYL1, LMO2, GATA2, RUNX1, 

MEIS1, PU.1, ERG, FLI-1, and GFI1B), demonstrating several novel interactions. They 

concluded that seven of the key HSC transcriptional regulators (TAL1, LYL1, LMO2, 

GATA2, RUNX1, FLI-1, and ERG) exhibited combinatorial interactions involved in 

cooperative transcriptional control. Together with studies implicating RUNX1, GATA2 and 

TAL1 in HSC quiescence, the data were suggestive of collaborative binding to control a set 

of genes critical for balance of HSC quiescence and proliferation33. Such factors have been 

described as “master” regulators, which cooperate with other TFs, cofactors and chromatin 

complexes to establish lineage-specific transcription programs and subsequently guide 

differentiation324. These factors also frequently cross-antagonise each others activity during 

lineage specification to repress alternative cell fates325.  

A slightly different class of TFs, known as pioneer factors, are crucial for priming enhancers 

by remodelling of chromatin326 or recruitment of critical factors upon activation of enhancer 

programs, such as by environmental stimuli327,328. Pioneer TFs are capable of priming 

enhancers for activation in multiple lineages by differential recruitment of factors depending 

on specific developmental cues (Figure 1.10). Examples of pioneer factors include PAX5329, 

PU.1330, and FOXA1331 and such factors may act across multiple lineages or primarily within 

a single lineage. For example, PU.1 participates in the establishment of poised enhancers in 

progenitor cells332, and is associated with B cell specification at transitional enhancers316, 

whilst PAX5 is expressed and acts specifically to prime enhancers in B cell subsets329. Such 

lineage-determining factors (LDTFs) may also act by recruiting environmentally induced 

factors to enhancers, as has been shown in several cell types327,328 (Figure 1.10). Furthermore, 

an interesting study by Lin et al.333 determined that occupancy of key B cell developmental 

factors E2A and EBF1 at cis-regulatory sequences was dynamic during developmental 

progression, and provided additional connections between important B cell factors E2A, 

EBF1, PU.1, PAX5 and FOXO1. 
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1.6.3) Several key B cell genes are regulated by enhancers and genomic 

architecture 
PU.1, E2A, EBF1, and other regulators of B cell development regulate the deposition of the 

H3K4me1 mark at many B cell-specific enhancers332. Although no enhancers controlling 

EBF1 have been identified, an elegant study by Lin et al.334 used 3D FISH to examine locus 

positioning and demonstrated that the locus is tightly associated with the nuclear lamina in 

haematopoietic progenitors, but relocated away in committed pro-B cells. This nuclear 

positioning phenomenon prevents premature activation of murine Ebf1 prior to B cell 

commitment and may be a common feature of many important cell-restricted loci.  

Another important transcription factor controlling B cell fate is PAX5, which is required 

throughout the process of B cell maturation (Figure 1.3). Its expression is controlled in 

haematopoietic progenitor cells by SOX2 binding and the subsequent establishment of 

H3K4me3 at the PAX5 promoter335. A B cell-specific enhancer in intron 5 of Pax5 has been 

identified in mice, and has been found to synergise with the promoter to drive specific B 

lymphoid expression55. This enhancer is bound by various transcription factors including 

PU.1 and the signal response factor NF-κB and appears to be established and activated 

already in haematopoietic progenitors55. A recent global study by Puente et al.336 examining 

frequently mutated regions in chronic lymphocytic leukaemia (CLL) led to the identification 

of a human PAX5 enhancer located 330 kb away. The enhancer appeared to specifically 

control the expression of PAX5 but not any of the other genes located within 1 Mb. 

Furthermore, CRISPR/Cas9-mediated editing of the region resulted in a 40% reduction in 

PAX5 expression337. The definitive B cell marker, CD19, is also regulated by a B cell-specific 

enhancer located at –2 kb which is remodelled before the expression of PAX5 in multipotent 

progenitors338. Overall, it is clear that enhancers and chromatin dynamics are critically 

important throughout the B cell developmental pathway and can have a substantial impact on 

target gene expression. 

1.6.4) Genetic variants within enhancers frequently co-associate with 

biologically relevant diseases 
The results of various GWAS have indicated that >90% of disease-associated SNPs are found 

in non-coding regions of the genome177,339. Intriguingly, many of these SNPs are enriched 

within enhancers, often showing the strongest disease correlation in cells or tissues 

implicated in pathogenesis (reviewed by Pott & Lieb340). A comprehensive study conducted 
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by Hnisz et al. examined the correlation of trait-associated SNPs with non-coding regions, 

finding that the majority of SNPs were present within such regions, and 64% of these were 

specifically associated with enhancers defined by H3K27ac310. Interestingly, these disease-

associated SNPs tended to occur in super-enhancers of disease-relevant cells. For example, 

33% of SLE-associated SNPs in non-coding regions were found to occur in the 1.5% of the 

genome encompassed by B cell super-enhancers.  

Considering the skewed localisation of SLE-associated SNPs within non-coding regions, it 

would be of interest to elucidate how such variants impact enhancer activity and gene 

expression. Although few such studies have been conducted, Wang et al.341 have identified a 

pair of SLE-associated functional variants within the promoter and an approximately 42 kb 

upstream enhancer of the TNFAIP3 gene involved in immune and inflammatory responses. 

The risk allele within the enhancer was found to cause a reduction in NF-κB binding and 

subsequent loss of TNFAIP3 gene transcription. In a follow-up study they mutated the 

endogenous enhancer using TALEN-mediated genome editing, and demonstrated that the 

effect resulted from impaired long-range DNA looping342. More recently, a study has 

employed a CRISPR strategy to induce stimulation-dependent activation of an IL2RA 

enhancer that harbours an autoimmunity risk variant. Using this strategy and supporting 

engineered mouse models, the researchers showed that while the variant did not affect IL2RA 

expression levels, it delayed timing of gene activation in response to specific extracellular 

signals343. Such genome editing strategies will likely be of critical importance to 

understanding how specific enhancers exert their function. 

1.7 MicroRNAs play a critical role in fine-tuning expression 
of a wide range of transcripts and/or proteins 

1.7.1) miRNAs act as regulators of haematopoietic cell development 
miRNAs are short ~21-22 nt non-coding RNAs that typically bind to conserved motifs within 

the 3’ untranslated region (3’ UTR) of target mRNAs and fine-tune expression by promoting 

transcript degradation or inhibiting translation (reviewed in Krol et al.344). miRNAs have 

become increasingly studied and appreciated over the past decade, with pivotal findings 

indicating that individual miRNAs are capable of targeting a large number of mRNAs345,346 

and that most mammalian mRNAs are conserved targets of miRNAs347. In addition to direct 

regulation of target genes by binding to their cognate 3’ UTR, miRNAs may modulate the 

expression of key transcription factors and control the expression of a much larger array of 
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targets345,348. Therefore, miRNAs are key regulators that are capable of fine-tuning gene 

expression through several modes of action. Accordingly, several models have been proposed 

to help define the important role of miRNAs in control of cell fate decisions and cellular 

responses in processes such as haematopoiesis349,350. For example, miRNAs may establish 

positive or negative feedback loops in certain cellular contexts and control cell fate or set 

thresholds for gene expression necessary for fate commitment351,352. 

1.7.2) A number of miRNAs are important at various stages of B cell 

development 
Patterns of miRNA expression are tightly controlled within the haematopoietic lineage353,354 

and have been implicated in the regulation of B cell differentiation355. Principally, it has been 

hypothesised that miRNAs may play a key role in modulating the expression of vital genes at 

various B cell stage transitions and throughout the life of mature B cells348,356. A number of 

important miRNAs have been defined at various developmental stages, including: miR-181, 

miR-150, miR-34a, miR-17~92, miR-146a, and miR-155 (reviewed by Mehta & 

Baltimore357, Danger et al.356) [Figure 1.3]. Accordingly, the expression levels of these 

miRNAs have been shown to fluctuate considerably throughout B-cell development348,358,359. 

Additionally, deletion of the essential miRNA processing factor, Dicer, has been shown to 

block the pro-B to pre-B cell transition360. miR-181(a) is one of the earliest acting miRNAs in 

lymphoid commitment, initially shown to drive the differentiation of B cells361. 

Overexpression of miR-181(a) has been shown to inhibit the pro-apoptotic protein BIM and 

lead to an increase in the number of B-lineage cells361. miR-181b, a related miRNA, acts on 

AID and impairs CSR362.  

Several miRNAs act at the important developmental pro-B to pre-B cell transition, including 

miR-150, miR-34a and miR-17~92 cluster RNAs. Expression of miR-150 inhibits the pro-B 

to pre-B cell transition via dose-dependent repression of pro-apoptotic factor, MYB363,364; a 

role that is essential for prevention of malignant transformation of pro-B cells. Similarly, 

miR-34a inhibits the pro-B to pre-B transition, during which it acts on FOXP1 - a 

transcription factor involved in regulation of various developmentally-induced targets in B 

cells365. Another important transcription factor acting at this stage of B cell development is 

SOX4, which is itself regulated by the miR-212/miR-132 cluster RNAs366. Opposingly, the 

miR-17~92 cluster RNAs enhance the pre-B cell transition by directly targeting pro-apoptotic 

protein BIM (BCL2L11) to induce lymphocyte apoptosis367.  
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Comparatively little is known about miRNAs acting during subsequent transitional and 

mature B cell stages, though multiple miRNAs are implicated in terminal differentiation 

following mature B cell activation. Perhaps the most well-characterised miRNA acting at this 

stage is miR-155, which has been shown to target key lymphoid developmental factors such 

as PU.1, SHP1 and AID368–371. Although expression of AID is necessary for CSR and SHM 

in response to BCR signalling, overexpression can result in various lymphoid 

malignancies372. Particularly in GC B cells, miR-155 plays a crucial role in repressing AID 

by establishing a feed-forward loop that gradually reduces AID following its initial 

induction368,369. Many regulatory miRNAs have also been characterised in other immune cell 

types (reviewed by Mehta & Baltimore357); for example, in T cells miR-150 inhibits early T 

cell development by regulating NOTCH373 and miR-181(a) plays a role in the control of T 

cell receptor signalling374.  

1.7.3) miRNAs are associated with haematopoietic disorders including 

systemic lupus erythematosus 
Dysregulated expression of a number of miRNAs can lead to aberrant immune function and 

therefore lead to the development of cancer (leukaemia) and autoimmune diseases, such as 

SLE375,376. An intriguing study by Medina et al.377 provided the first model of a phenomenon 

termed oncomir addiction, whereby enforced expression of miR-21 leads to pre-B cell 

lymphoma. Similarly, the oncomir miR-125b, which controls the expression of survival and 

differentiation factors, is implicated in a number of myeloid and lymphoid 

malignancies378,379. The miR-17~92 cluster encodes a number of mature miRNAs that work 

in a co-ordinated manner to regulate multiple different pathways, including PI3K signalling. 

This cluster has been shown to drive both myeloid and lymphoid leukaemia380,381, as well as 

autoimmunity382. The role of the miR-17~92 cluster in autoimmunity may be partially related 

to its importance in regulating the pro-B to pre-B cell transition during B cell development. 

Another miRNA heavily involved in regulation of B cell development is miR-155, and its 

overexpression has also been linked to leukaemia and SLE383. Dysregulated expression of a 

number of additional miRNAs in B and T cells from SLE patients has also been observed in a 

number of studies, including upregulation of miR-21, miR-31, miR-126, miR-148a, and the 

miR-182-96-183 cluster, and downregulation of miR-125a, miR-142, and miR-146a 

(reviewed by Amarilyo & La Cava384). Similar correlations have been observed in other 

autoimmune diseases such as rheumatoid arthritis, in which other miRNAs including miR-

19a/19b, and miR-34a are also implicated385. 
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1.8 Project objectives 
Numerous lines of evidence implicate CR2 and other members of the RCA gene cluster in the 

development of the autoimmune disease SLE. Specifically, a recently defined SLE-associated 

SNP within the first intron of CR2 has been shown to affect expression of the adjacent and 

evolutionarily-related CR1 gene290. This SNP has also been further shown to alter binding of 

the genome architectural protein, CTCF, in B cell lines possessing the major or minor allele 

at this SNP. A crucial focus of this research was on defining whether genomic interactions 

exist across the RCA gene cluster and whether the CR2 SNP affects the interaction profile 

across this region, thereby affecting CR1 expression. The expression of CR2 itself is known 

to be highly regulated throughout B cell development, so this research also aims to examine 

the potential location and impact of distal regulatory regions (e.g. enhancers) on CR2, as such 

regions are known to control expression of other key haematopoietic genes at specific 

developmental stages. Finally, a number of miRNAs have been shown to have important 

roles at various stages of B cell development, and their expression levels are highly 

modulated during developmental progression. We wanted to categorise the expression of 

these miRNAs in representative B cell lines, identify their likely promoters, and determine 

whether promoter chromatin accessibility may be a primary mechanism for controlling 

miRNA expression. The final focus of this research was to determine whether miRNAs may 

be responsible for fine-tuning the expression of CR2 at the post-transcriptional level. 

Considering that CR2 expression is tightly regulated throughout B cell development, it 

represents a good candidate for miRNA-mediated fine tuning of expression. 

Specifically, the aims of this research project were to: 

1. Interrogate publically available databases and datasets to examine whether 
associations could be made between the genetic variants in CR2 and other RCA 
genes.  

2. Investigate potential differences in genomic interactions across the RCA gene cluster 
as a result of the SLE-associated genetic variant within the first intron of CR2, and 
examine differences in chromatin accessibility at potential regulatory regions (e.g. 
enhancers) across the RCA cluster. 

3. Examine the expression profiles of miRNAs throughout B cell development and 
assess whether expression may be controlled predominantly at the transcriptional 
level by promoter chromatin accessibility. 

4. Determine whether SNPs and miRNAs predicted to bind within the CR2 3’ UTR play 
a role in regulating CR2 expression.  
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Chapter Two – Materials and Methods 

2.1 Materials 

2.1.1) General chemicals and reagents 
All chemicals used were at minimum laboratory grade. Analytical reagent grade chemicals 

were used where appropriate.  

2.1.2) Commercial kits and reagents 
A full list of commercially purchased kits and reagents with their corresponding catalogue 

numbers can be found in Appendix I. 

2.2 Mammalian cell culture 

2.2.1) Culture conditions 
Mammalian suspension cell lines Raji (ATCC# CCL-86), Ramos (CRL-1596), Reh (CRL-

8286), K562 (CCL-243), SKW (TIB-215), U-937 (CRL-1593.2), and Jurkat (TIB-152) 

[ATCC, USA] were cultured in RPMI-1640 medium with L-glutamine (Invitrogen, 

Australia), supplemented with 10% (v/v) heat-inactivated foetal bovine serum (HI-FBS),   

100 µg/mL penicillin and 100 ng/mL streptomycin (pen/strep). Cells were maintained 

according to ATCC cell-specific guidelines; typically between 1 x 105 and 1 x 106 cells/mL. 

Immortalised B-lymphoblastoid cell lines (B-0028, B-0056, B-0078) were kindly provided by 

Susan Boackle and cultured in RPMI-1640 + 10% FBS and pen/strep, as above. These cells 

were maintained at a higher density of 5 x 105 - 1 x 106 cells/mL. Adherent cells lines 

HCT116 (ATCC# CCL-247), HEK293 (CRL-1573), and HepG2 (HB-8065) were cultured in 

DMEM with 10% FBS and pen/strep, following ATCC guidelines. All cells were grown in 

sterile filter-top culture flasks (Greiner Bio-One, Austria) and maintained at 37°C with       

5% CO2. Cell density and viability were assessed by trypan blue dye exclusion; in brief, cells 

were mixed thoroughly, a 20 µL aliquot removed, and 0.4% Trypan blue added at a 1:1 ratio. 

Samples were incubated briefly at room temperature (< 5 min) and subsequently loaded onto 

a haemocytometer for observation and counting using a standard light microscope. For 

counting and passaging of adherent lines, spent media was removed, the cell layer washed 

briefly with 1X DPBS, and the appropriate volume of 1X (0.05%) Trypsin-EDTA added   

(2.5 mL for T25, 5 mL for T75 and 10 mL for T175). Once cells had detached (> 90%),        

2 volumes of complete media (containing serum) was added to inhibit trypsin activity and 
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cells pelleted by centrifugation at 200 g for 5 min. Cells were resuspended in a minimal 

volume of complete media prior to counting and subsequent reseeding.  

2.2.2) Reanimation and cryopreservation 
For cryopreservation, cells were cultured in complete growth medium up to a maximum 

density of 8 x 105
 cells/mL (mid-late log phase of growth for suspension cells) or around 80% 

confluency (adherent cells). Cells were pelleted by centrifugation at 200 g for 5 min at 4°C 

and resuspended at a density of 2 – 8 x 106 cells/mL in freshly prepared cryopreservation 

medium comprised of 70% (v/v) cold RPMI-1640, 20% (v/v) FBS and 10% DMSO. Cells 

were immediately transferred to 2 mL polypropylene cryovials (Greiner Bio-One, Austria) in 

1 mL aliquots and cooled at –80°C in a Mr. Frosty® freezing container before transferring 

vials to liquid nitrogen for long term storage. To reanimate cryopreserved cells, vials were 

rapidly thawed in a waterbath at 37°C and added to 9 mL of pre-warmed (37°C) complete 

growth media. Cells were pelleted by centrifugation at 200 g for 5 min at room temperature 

to remove residual DMSO, resuspended in 5 – 10 mL complete media and transferred to a   

25 cm2 filter-top flask for culture. 

2.3 Bacterial cell culture 
2.3.1) Culture medium 
Luria-Bertani (LB) media, pH 7.0 (10 g/L Bacto Tryptone, 5 g/L yeast extract, 10 g/L sodium 

chloride) was used for standard bacterial culture.  Where a semi-solid medium was required, 

LB agar was prepared by supplementing LB broth with 15 g/L Bacto agar. Both were 

prepared using ddH2O and sterilised by autoclaving (15 min at 121°C). For bacterial 

transformations, SOB media was first prepared (20 g/L Bacto tryptone, 5 g/L yeast extract, 

10 mM NaCl, 2.5 mM KCl) and sterilised by autoclaving (15 min at 121°C). SOB media was 

subsequently supplemented with MgCl2 (final 10 mM concentration) and glucose (final       

20 mM concentration) to create SOC media.  

2.3.2) Antibiotics for selective media 
Ampicillin was prepared at a stock concentration of 100 mg/mL in dH2O, 0.2 µm filter 

sterilised and stored in aliquots at –20°C for up to six months, and used at a working 

concentration of 100 µg/mL. Kanamycin was prepared in the same manner at a stock 

concentration of 10 mg/mL and used at a working concentration of 50 µg/mL. Freeze-thaw 

cycles of all stocks were kept to a minimum. 
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2.3.3) Culture conditions 
All standard recombinant cloning procedures were performed using chemically competent 

DH5α-TIR Escherichia coli (Invitrogen, Australia) stored in aliquots at –80°C and thawed on 

ice approximately 5 min before use. Bacterial cultures were grown at 37°C with shaking  

(200 – 250 rpm) in LB media supplemented with the relevant selective antibiotic. Where a 

semi-solid medium was required, LB agar was prepared and maintained at 55°C before 

addition of selective antibiotic. Approximately 25 – 30 mL of media was poured into petri 

dishes in a sterile environment. Once the agar had solidified, plates were sealed with parafilm 

and wrapped in plastic wrap before being stored at 4°C until required. Plates were unwrapped 

and pre-warmed at 37°C for up to one hour prior to use.  

2.3.4) Preparation of chemically competent DH5α cells 
DH5α-TIR bacterial cells were propagated and made chemically competent based on a 

modified method by Nishimura et al.386. Briefly, DH5α cells were streak plated on non-

selective LB agar and a single colony used to inoculate 5 mL LB which was grown overnight 

at 37°C with shaking (200 – 250 rpm). The full volume of overnight culture was used to 

inoculate 50 mL Solution A (LB supplemented with 10 mM MgSO4 and 0.2% glucose (w/v)) 

in a 1 L flask. Cultures were grown with shaking (200 – 250 rpm) until an OD600 of 0.6 was 

reached, cooled for 10 min on ice, 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 supplemented with 

36% v/v glycerol, 12% w/v PEG, 12 mM MgSO4), aliquoted into 1.5 mL tubes and stored at 

–80°C. 

2.3.5) Transformation of bacterial cells 
Chemically competent DH5α-T1R bacterial cells were gently thawed on ice for approximately 

5 min prior to transformation. Individual aliquots (50 µL) were dispensed into pre-chilled   

1.5 mL tubes and 1 – 5 µL or up to 100 ng of plasmid DNA added. Reactions were mixed 

gently by flicking and incubated on ice for 30 min. Cells were subsequently heat shocked in a 

water bath at 42°C for 45 s, then placed on ice for 2 min and 500 µL pre-heated (37°C) SOC 

media added. Cells were grown at 37°C with vigorous shaking (200 – 250 rpm) for 1 h before 

plating onto selective LB agar. In most cases, 50 µL and 100 µL volumes were sufficient, 

though in cases where fewer colonies were expected, cells were pelleted by centrifugation at 

6000 g for 5 min at room temperature, 400 µL of supernatant removed, the bacteria 

resuspended in the remaining ~100 µL media and plated. Plates were incubated at 37°C 
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overnight (approximately 16 h) and either processed immediately or sealed with parafilm and 

plastic wrap, labelled and stored at 4°C.  

2.4 Nucleic acid purification and analysis 

2.4.1) Quantification and analysis of nucleic acids by spectrophotometry 
A Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Australia) was used for 

quantification and purity assessment of nucleic acids. The instrument was initialised with 

ddH2O and adjusted for either dsDNA, ssDNA or RNA analysis. Blank measurements were 

taken using the appropriate solution and 1 μL of each sample analysed. Nucleic acid 

concentration was determined from absorbance at 260 nm and purity determined from the 

A260/280 and A260/230 ratios; DNA samples free from protein contamination have an A260/280 

ratio between 1.8 and 2.0 and RNA between 1.9 and 2.1. 

2.4.2) Agarose gel analysis of nucleic acids 
Agarose gel electrophoresis was used to determine size and integrity of nucleic acid samples. 

Depending on the expected fragment size(s), 1 – 2% agarose (w/v) gels were prepared using 

1X TAE (40 mM tris-acetate; 2 mM EDTA, pH 8.0). For visualisation of bands, ethidium 

bromide (Sigma, USA) was added, before casting, to a final concentration of 0.5 µg/mL. 

Samples were mixed with the appropriate quantity of 6X blue loading dye (NEB, USA) and 

loaded on the gel alongside the necessary size standards (1 kb or 100 bp ladder; NEB, USA). 

For smaller bands that migrated with the bromophenol blue dye front, a 6X sucrose/xylene-

cyanol loading dye was used instead (40% w/v sucrose, 0.25% w/v xylene-cyanol). 

Electrophoresis was conducted using a Bio-Rad horizontal gel apparatus (Bio-Rad, Australia) 

with a constant voltage of 90 V for up to one hour in 1X TAE. Separated fragments were 

visualised and photographed using an ImageQuant LAS4000 (GE Healthcare, USA). DNA 

fragment sizes were approximately determined by comparison to known size standards. 

2.4.3) Plasmid DNA purification, small-scale 
Single transformed bacterial colonies were used to inoculate 4 mL of selective LB media and 

grown at 37°C for 12 – 16 h with shaking (200 – 250 rpm). Cells were pelleted by 

centrifugation at 3000 g for 10 min at room temperature and processed immediately or frozen 

for up to one month. Plasmid DNA was isolated as described in the QIAprep Spin Miniprep 

Kit manual (QIAGEN, USA). The recommended additional wash step was conducted when 

using host strains other than DH5α. Spectrophotometry was used to determine DNA 
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concentration and purity (Section 2.4.1), followed by agarose gel electrophoresis to examine 

plasmid integrity (Section 2.4.2). DNA was stored at –20°C until use.  

2.4.4) Plasmid DNA purification, large-scale 
Where large-scale and/or highly pure preparations of plasmid DNA were required, the 

EndoFree® Plasmid Maxi Kit (QIAGEN, USA) was used. Screened plasmids were used to 

transform DH5α bacteria as previously described (Section 2.3.5). Single colonies were 

picked, transferred to 4 mL of selective LB media and cultured for 8 h at 37°C with shaking 

to generate starter cultures. In a 1 L or 2 L flask, 100 mL of selective LB media was 

inoculated with 200 µL of starter culture and incubated for 12 – 16 h with shaking            

(200 – 250 rpm). When cultures reached an OD600 of 2.0 – 3.0 (as measured using an 

Eppendorf BioPhotometer®) bacteria were harvested by centrifugation at 3500 g for 60 min 

at 4°C and the supernatant removed. Cell pellets were resuspended and plasmid DNA 

extracted as per the kit instructions. Final DNA pellets were air-dried and dissolved in 150 

µL endotoxin-free 1X Buffer TE. Yield and purity were examined by spectrophotometry and 

DNA integrity assessed by agarose gel electrophoresis. DNA was diluted, aliquoted and 

stored at –20°C until needed. 

2.4.5) Genomic DNA extraction 
Approximately 5 x 106 cells were collected by centrifugation at 200 g for 5 min at room 

temperature and resuspended in 200 µL 1X DPBS. The QIAampTM DNA Blood Mini Kit 

(QIAGEN, USA) spin protocol was then used to isolate genomic DNA (gDNA) as per the 

manufacturer’s instructions. DNA was eluted in Buffer AE, quantity and purity assessed by 

using spectrophotometry (Section 2.4.1) and gDNA integrity confirmed by agarose gel 

electrophoresis (Section 2.4.2). Purified genomic DNA was stored at –20°C. 

2.4.6) Restriction endonuclease digestion 
Typical digestion reactions were prepared on ice in 0.2 mL tubes as follows: 1 µg DNA,      

10 – 20 U restriction enzyme, 2 µL appropriate 10X restriction enzyme buffer, and made up 

to a final volume of 20 µL with dH2O. Recommended buffers were used except where a 

double digest was required; in these cases the optimal buffer was determined using the 

Promega Restriction Enzyme Tool or NEB Double Digest Finder. Reactions were incubated 

in a Bio-Rad C1000 thermal cycler for 1 – 2 h at the appropriate temperature (typically 

37°C). Reaction products were analysed on a 1 % agarose gel (Section 2.4.2). 
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2.4.7) Gel extraction of DNA samples 
For gel extractions, agarose percentage was kept to a minimum; typically 1% w/v, and 

visualised using SYBR Safe in-gel stain (1X) on a blue light transilluminator (Dark Reader or 

Invitrogen Safe ImagerTM). Digested DNA vectors for extraction were run alongside 

undigested vector and a 1 kb ladder with blank lanes either side to avoid sample cross-

contamination. Bands were excised using a sterile scalpel, minimising excess agarose, and 

transferred to a 1.5 mL tube. Gel slices were weighed and dissolved by adding 3 volumes of 

Buffer QG and DNA isolated using a QIAquick Gel Extraction Kit as per the manufacturer’s 

instructions (QIAGEN, USA). 

2.4.8) DNA sequencing (Sanger) 
Reactions were prepared in 1.5 mL tubes using 0.5 – 1 µg purified DNA, 10 pmole of the 

appropriate sequencing primer and sterile ddH2O to a final volume of 12 µL. Samples were 

sequenced by the Australian Genome Research Facility, assessed and trimmed in Finch TV 

(Geospiza, USA) and analysed using BLAST (NCBI), ClustalW2 (EMBL-EBI) and/or 

manual inspection. 

2.4.9) RNA extraction 
RNA was isolated using either the RNeasy Mini Kit (QIAGEN, USA) for mRNA analysis, or 

a Total RNA Purification Kit (Norgen Biotek, Canada) for isolation of total RNA including 

small RNAs, following manufacturer’s specifications. Samples were always treated with 

DNase to remove potential gDNA contamination as per kit-specific guidelines. Standard 

RNA work practices were followed when extracting and handling RNA samples, including 

thorough decontamination of equipment and work areas prior to use and handling of purified 

RNA on ice. Quantity and purity were determined by spectrophotometry (Section 2.4.1) and 

RNA integrity assessed by agarose gel electrophoresis (Section 2.4.2), and intact where 

agarose gel analysis yielded two highly visible, intact 18S/28S rRNA bands. Where 

necessary, solutions used for preparation, dilution and analysis of RNA samples were treated 

with DEPC (0.1% v/v) to remove residual RNases. Purified RNA was aliquoted and stored at 

–80°C with freeze-thaw cycles kept to a minimum.  
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2.5 Polymerase Chain Reaction (PCR) 

2.5.1) Standard PCR 
Standard PCRs were performed using GoTaq Green 2X Mastermix (Promega, USA) in      

0.2 mL PCR tubes (unless specified otherwise). A no-template control (NTC) was always 

included to ensure reagents were free of contamination. Reactions were prepared as follows: 

Reagent Final Concentration 

Primers (FWD + REV) [10 µM] 0.2 – 0.4 µM 

DNA template 25 – 100 ng 

GoTaq Green Master mix [2x] 1x 

Sterile ddH2O To a final volume of 25 µL 

 

Reactions were mixed gently and centrifuged briefly before cycling using a Bio-Rad C1000 

thermal cycler (Bio-Rad, USA). The reaction composition, annealing temperature and 

extension time were varied depending on primer specifications and amplicon length. PCR 

products were assessed for specificity and successful amplification using agarose gel 

electrophoresis (Section 2.4.2). Typical PCR conditions were as follows: 

Temperature Time Cycles 

95 °C 5 min 1 

95 °C 30 s 

30 55 – 65 °C 1 min 

72 °C 1 min/kb 

72 °C 5 min 1 

4 °C Hold ∞ 

 

2.5.2) Quantitative PCR 
Quantitative PCR (qPCR) reactions were prepared using SensiMix SYBR Green (No-ROX) 

in a 10 µL reaction volume. Each reaction contained 0.2 – 0.5 µM forward and reverse 

primers, 1X SensiMix and 2 µL template. Due to technical issues, several different machines 

were used, though final data for each experiment were always generated with the same 
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platform. Final data for ChIP-PCR (Chapter 4), miRNA qPCR (Chapter 5 and 6) and standard 

(cDNA) qRT-PCRs were all conducted on a MIC qPCR cycler (Bio Molecular Systems, 

Australia). All ChART-PCR data were generated using a ViiA7 Real-Time PCR machine 

(Applied Biosystems, USA) in MicroAmp Fast Optical 96-well reaction plates (Applied 

Biosystems, USA). Prior to PCR, ViiA7 plates were vortexed briefly to mix and centrifuged 

at 250 g for 30 s to collect reactions at the bottom of wells. Cycling conditions were varied 

depending on sample and assay type and are indicated in the respective sections. MIC PCR 

and ViiA7 data were analysed using MIC software (v2.6.0) and QuantStudio (v1.3), 

respectively. 

2.6 Oligonucleotides 
2.6.1) For PCR & qPCR 
Oligonucleotides (primers) for standard PCR were designed with the assistance of the 

Primer3 design tool (bioinfo.ut.ee/primer3/) using the following specifications; Primer length 

18 – 23 nt (21 nt optimal); primer melting temperature (Tm) 57 – 62°C (60°C optimal); GC 

content 30 –70% (50% optimal), and a GC clamp at the 3’ end where possible. Forward and 

reverse primer Tms were kept within 5°C of each other, usually < 1°C. Primer length and GC 

content were kept similar where possible. qRT-PCR primers (for cDNA templates) were 

designed with the assistance of the Integrated DNA Technologies Real Time qPCR design 

tool adhering to the following parameters: length 18 – 30 nt (optimal 22 nt), Tm 60 – 64°C 

(optimal 62°C), GC content 35 – 65% (optimal 50%). Primers were designed to span exon 

boundaries to prevent amplification of potential contaminating gDNA templates and, where 

possible, targeted all known transcript isoforms. All oligonucleotides were obtained desalt 

purified from Sigma-Aldrich (Australia) and tubes centrifuged briefly prior to resuspension to 

avoid loss of lyophilised pellets. Primers were resuspended in UltraPureTM DNase/RNase-

free dH2O (Invitrogen, USA) to a concentration of 100 µM and several diluted 10 µM 

aliquots prepared. Aliquots were stored at –20°C and freeze-thaw cycles were kept to a 

minimum.   
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Chapter Three – Publicly available datasets are valuable for 
the interrogation of SNP correlations with gene expression 

3.1 Introduction 
Several large population-based studies have been conducted to help decipher the genetic 

contribution to various complex diseases. These include the HapMap and 1000 Genomes 

projects which provided extensive information on single nucleotide polymorphism (SNP) 

frequencies in multiple populations and sub-populations. The HapMap project was concluded 

in 2003 and involved the profiling of genetic variants in populations with ancestry from parts 

of Africa, Asia, and Europe387. A total of 270 DNA samples were analysed, including:         

90 samples from a Utah population with Northern and Western European ancestry (samples 

collected in 1980 by the Centre d-Etude du Polymorphisme Humain (CEPH)), 90 from 

Yoruba family trios in Ibadan, Nigeria (YRI), 45 from unrelated Japanese in Tokyo, Japan, 

and 45 unrelated Han Chinese in Beijing, China. The 1000 Genome study extended on 

HapMap findings by expanding to include 1092 individuals (phase 1) and using whole-

genome and exome sequencing388,389. The final phase (phase 3) of this project has recently 

been completed and characterises a broad spectrum of genetic variation, including 84.7 

million SNPs, 3.6 million insertions/deletions (indels), and 60,000 structural variants derived 

from 2,504 individuals from 26 populations in Africa, East Asia, Europe, South Asia, and the 

Americas390 (Table 3.1). Two important resources associated with this study are the 1000 

Genomes Browser390,391, which allows the interrogation of SNP genotypes and linkage 

patterns; and the generation of human EBV-immortalised B-lymphoblastoid cell lines (LCLs) 

derived from 1000 Genomes individuals392,393. In addition to the genome-wide genotype data 

from the HapMap and 1000 Genomes projects, a vast array of expression (RNA-Seq) data for 

hundreds of established LCLs394,395 are publicly available through repositories such as the 

Gene Expression Omnibus (GEO)396. Furthermore, particular LCLs, such as GM12878, have 

been extensively profiled by a number of functional high-throughput sequencing methods 

such as DNase-Seq and ChIP-Seq for a number of factors and histone modifications as part of 

the Encyclopedia of DNA Elements (ENCODE) project397. LCLs thus represent an incredibly 

useful model system to help discern the potential functional impact of disease-related SNPs 

identified in genome-wide association studies (GWAS). 
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Table 3.1) List of populations and sub-populations (and their abbreviations) profiled as part of the 
1000 Genomes project. 

Population Sub-populations Description 

African (AFR) 

ACB African Caribbean in Barbados 
ASW African Ancestry in Southwest US 
ESN Esan in Nigeria 
GWD Gambian in Western Division, The Gambia 
LWK Luhya in Webuye, Kenya 
MSI Mende in Sierra Leone 
YRI Yoruba in Ibadan, Nigeria 

American (AMR) 

CLM Colombian in Medellin, Colombia 
MXL Mexican Ancestry in Los Angeles, California 
PEL Peruvian in Lima, Peru 
PUR Puerto Rican in Puerto Rico 

East Asian (EAS) 

CDX Chinese Dain in Xishuangbanna, China 
CHB Han Chinese in Beijing, China 
CHS Southern Han Chinese, China 
JPT Japanese in Tokyo, Japan 
KHV Kinh in Ho Chi Minh City, Vietnam 

European (EUR) 

CEU Utah residents with Northern and Western European ancestry 
FIN Finnish in Finland 
GBR British in England and Scotland 
IBS Iberian populations in Spain 
TSI Toscani in Italy 

South Asian (SAS) 

BEB Bengali in Bangladesh 
GIH Gujarati Indian in Houston, TX 
ITU Indian Telugu in the UK 
PJL Punjabi in Lahore, Pakistan 
STU Sri Lankan Tamil in the UK 
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One of the fundamental hypotheses of GWAS is that complex diseases are likely driven by a 

large number of common variants – the prevalence of which may differ across different 

populations398,399. These variants may directly influence the protein-coding sequence, or alter 

the structure and activity of encoded proteins400 as has been observed for the CD2 gene in 

rheumatoid arthritis401. However, the results of many GWAS indicate that > 90% of disease-

associated SNPs are found within non-coding regions of the genome174,176. Such variants may 

affect mRNA splicing394, or impact gene regulation by perturbing transcription factor binding 

sites or altering chromatin arrangement within promoter or enhancer regions179,181. Several 

studies have demonstrated functionality of SNPs within distal regulatory regions, showing 

they can reduce promoter-enhancer chromatin looping to affect target gene expression402,403. 

One approach which has been used to determine the effects of genetic variants on gene 

expression levels is the mapping of expression quantitative trait loci (eQTLs) (reviewed in 
404). Such SNPs may be classed as either cis-eQTLs, which directly influence target gene 

expression, or trans-eQTLs which act through an intermediary factor (such as a transcription 

factor)404. Within humans, a large number of eQTLs have been mapped from blood samples 

of 5,311 individuals by Westra et al.405. This catalogue of eQTLs allowed the identification of 

genes affected by SNPs previously associated with autoimmune diseases such as SLE, 

including complement factor C1QB and a number of interferon response genes405. Similarly, 

the GeneNetwork systems genetics tool has been used to map a large number of eQTLs 

predominantly within various mouse strains406,407. The results from such datasets can be 

combined with key informatics resources, such as ENCODE397 data via the UCSC Genome 

Browser408, to provide better identification of functional SNPs and their mode of action. 

Using the above approaches, a number of functional SNPs have been identified within the 

CR2 gene, whose dysfunction is associated with the autoimmune disease, SLE (Section 

1.5.3). These include a SNP within the CR2 promoter region that affects gene 

transcription282,283, and several intronic SNPs that impact splicing efficiency284. Interestingly, 

these functional SNP haplotypes were detected only in specific populations (Chinese and 

Caucasian)282,284 but were not present in others (Japanese)288. More recently, our research 

group has identified a SNP (rs1876453) within the first intron of CR2 which is highly 

associated with SLE and the production of dsDNA autoantibodies in a number of 

populations, including European Americans (EA), African Americans (AA), and Hispanics 

(HS) but not in Asians (AS)290. Interestingly, this SNP was found to affect expression of the 

downstream CR1 gene and was subsequently shown to affect binding affinity of the 
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architectural protein, CTCF, in patient-derived LCLs and B-cell lines290. We wanted to 

examine whether or not the eQTL effect of rs1876453 may be a more widespread 

phenomenon or whether it may be specific to individuals with SLE. We also wished to 

determine whether this effect reflects a co-association of CR1/CR2 genes and their regulatory 

elements, which may have implications for co-regulation of expression. Finally, we wanted to 

examine whether any publicly available datasets could aid in the discovery of additional 

eQTLs for the CR1 and/or CR2 genes. We hypothesised that the expression of CR1 and CR2 

are co-regulated to some degree in B cells and that the CR2 intron 1 SNP, rs1876453, may 

act as an eQTL for CR1 by affecting chromatin accessibility in an allele-specific manner. 

Aims: 
1. Examine the potential for CR1 and CR2 genes to be co-regulated using bioinformatics 

approaches. 

2. Identify possible eQTLs for CR1 and CR2 in blood cells and deduce whether 

rs1876453 acts as a broadly functional eQTL for CR1 and/or CR2. 

3. Analyse public datasets on B-lymphoblastoid cell lines from 1000 Genomes 

individuals to determine whether rs1876453 broadly affects CR1 expression and/or 

chromatin accessibility in an allele-specific manner. 
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3.2 Methods 

3.2.1) Protein-protein association networks via STRING 
Protein-protein interaction networks based on co-expression and shared metabolic pathways 

were assessed using STRING v10.5 with k-means clustering (n = 3)409. Active interaction 

sources included: text mining, experiments, databases, co-expression, neighbourhood, gene 

fusion and co-occurrence. The minimum required interaction score was set at 0.400. 

Interactions based on literature curation were obtained from the BioGRID repository v3.4 410. 

3.2.2) GeneNetwork eQTLs and gene co-expression analyses 
Additional analyses, including mRNA co-expression, were conducted using RNA-Seq data 

for B-lymphoblastoid cell lines derived from the Centre d’Etude du Polymorphisme Humain 

(CEPH) European American population. These were predominantly conducted using the 

GeneNetwork 2.0 tool (http://gn2.genenetwork.org/)407. For human analyses, the UTHSC 

CEPH B cells Illumina (Sep09) RankInv dataset (lymphoblast B-cell mRNA) was used. The 

sample r method407 was used to calculate correlations in gene expression and trait data and 

ordered using the Spearman rank correlation (rho). The function(s) of correlated transcripts 

were extracted from the GeneCards database (www.genecards.org)411.    

3.2.3) Blood cell eQTL analysis  
Expression quantitative trait loci (eQTLs) associated with CR2 and/or CR1 in blood cells 

were assessed using the Blood eQTL browser (http://genenetwork.nl/bloodeqtlbrowser/)405. 

Resulting eQTLs (FDR ≤ 0.5) were sorted by p-values and Z-scores. Minor allele frequencies 

and the location and function(s) of each SNP were extracted from the 1000 Genomes phase 1 

browser389. Positions relative to RefSeq genes were determined using the UCSC Genome 

Browser and H3K4me3, H3K4me1 and H3K27ac enrichment (marking promoters, regulatory 

regions, and active regulatory regions, respectively) in progenitor cells (H1-hESC), B cells 

(GM12878) and erythroid cells (K562) assessed from ENCODE data397,412. Chromatin state 

segmentation assignments were also extracted from ENCODE data which incorporates 

multiple epigenetic features to annotate regions of the genome413. Further ENCODE ChIP-

Seq data (161 factors) and DNase I hypersensitivity (125 cell types) were also used to assess 

whether any SNP eQTLs overlapped potential regulatory regions. To examine how gene 

length correlated with eQTL number, a set of 15 random human genes was generated using 

the RSAT random gene tool (http://rsat.ulb.ac.be/rsat/random-genes_form.cgi)414. Total SNP 
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numbers within genes were obtained from the dbSNP database v107 

(https://www.ncbi.nlm.nih.gov/SNP/)415.  

3.2.4) Analysis of 1000 Genomes data  
1000 Genomes data for 2,504 individuals, including regulatory feature context, population 

genetics and linkage disequilibrium (LD), were extracted from the 1000 Genomes Project 

phase 3 browser running Ensembl v80390. Analyses were focused on populations for which B-

lymphoblastoid cell RNA-Seq data were available (CEU, FIN, GBR, TSI, YRI) or in which 

the rs1876453 SNP has been associated with disease in prior GWAS282,284,288,290. Pairwise 

linkage analysis with closely-linked variant rs61240730 across all populations was conducted 

directly within the 1000 Genomes Browser.  

3.2.5) Analysis of publicly available RNA-Seq datasets from 1000 Genomes 

lymphoblastoid B-cell lines 
Pickrell et al.394 RNA-Seq data from 69 YRI individuals were extracted from the Gene 

Expression Omnibus (#GSE19480). As only raw data (read counts) were available, data were 

processed using Rstudio (Rstudio Inc., USA). Specifically, total read counts were summed 

for each sample and used to normalise individual gene values using the RPKM method416. 

Lappalainen et al.395 RNA-Seq data from 462 individuals from five populations (CEU, FIN, 

GBR, TSI and YRI) were extracted from EBI ArrayExpress (#E-GEUV-1). As fully 

processed data were not available when these analyses were performed, aligned bam files 

were imported into Avadis NGS v1.5 (Strand Life Sciences, USA) and automated transcript 

quantification used to generate both standard and (log) normalised RPKM values. SNP 

(rs1876453) genotypes for each sample (both datasets) were manually imputed and used to 

stratify samples based on genotype and/or population in Rstudio. Sorted data for genes of 

interest were exported for further statistical analysis using GraphPad Prism v6.0 (GraphPad 

Software Inc., USA). All individual genotypes were extracted from the 1000 Genomes 

Project phase 1 browser (http://phase1browser.1000genomes.org/index.html). 

3.2.6) Analysis of publicly available DNase-Seq data (YRI lymphoblastoid 

cells) 
Degner et al.417 DNase-Seq data from 70 YRI individuals were extracted from the Gene 

Expression Omnibus (#GSE31388). As mapped reads had been uploaded in an 

unrecognisable format (.v2), unmapped fastq data were aligned to human genome assembly 
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hg18 using Avadis NGS v1.5 (Strand Life Sciences, USA). Additionally, due to limited reads 

directly overlapping the target SNP (rs1876453), final read counts across the full CTCF-

bound ENCODE ChIP-Seq sequence (chr1:205,694,437-205,694,893) were used. Finally, as 

coverage was highly variable between samples, mapped read counts were normalised to the 

total number of reads per million bp. As before (Section 3.2.5), sample genotypes from the 

1000 Genomes browser were manually imputed. Statistical analyses were performed using 

GraphPad Prism v6.0 (GraphPad Software Inc., USA). 
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3.3 Results 

3.3.1) The CR2 and CR1 proteins are indirectly associated with each other 

and other RCA family members 
STRING analysis was performed to provide a better picture of how RCA family proteins are 

functionally related. Using the k-means method to group proteins into three clusters it was 

shown that CR2 function is largely distinct from other RCA proteins (Figure 3.1). It did, 

however, indirectly associate with CR1, CD55 and CD46 which were also highly associated 

with each other (Figure 3.1, Green nodes). CR2 also associated with co-receptors CD81 and 

CD19 and the BCR signal transducer molecules CD79A/B. Other members within the CR2 

cluster included: CD2, CD5, CD22, CD40, CD58, and MME (Figure 3.1, Red nodes). Gene 

ontology (GO) assessment of the network members (n = 21) showed functional enrichment in 

activation and positive regulation of the immune system (FDR = 1.5e-10 and 1.85e-13, 

respectively) and complement activation (FDR = 6.73e-11). Enriched cellular components 

suggested the majority of these proteins were integral membrane components of the plasma 

membrane (n = 14, FDR = 2.24e-09) and/or found on the external side of the plasma 

membrane (n = 10, FDR = 7.63e-12). Overall, these analyses showed there is known direct 

link between CR1 and CR2, despite their close evolutionary basis. 

 

3.3.2) Gene Network analysis in lymphoblastoid B-cell lines suggested CR1 

and CR2 may be co-regulated 
GeneNetwork 2.0 analysis using CEPH (European American) data for 180 lymphoblastoid 

cell lines suggested that CR1 and CR2 expression are positively correlated (Table 3.2). Both 

CR1 records (different splice isoforms) were represented within the top 15 results when using 

CR2 (ILMN_1727753) as the reference mRNA. The alternate CR2 isoform 

(ILMN_1684724) was also represented highly based on sample rho (0.498). Other positively 

correlated transcripts included various membrane proteins (e.g. SLC35F3), two signalling 

effectors (CXCR7, IRAK2), and proteins involved in the complement pathway (e.g. CFP) 

and pathogen recognition or infection (TLR6, EBI3). Negatively correlated factors included a 

secreted ligand involved in bone development (BMP6), a glycosyl hydrolase (MAN2A1), and 

a transcription factor involved in neural development (TCF4). 
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Figure 3.1) CR2 associates with a number of receptors, ligands and other RCA family proteins. STRING v10.5 
analysis of human CR2 protein interaction network (minimum interaction confidence score = 0.400). Network 
was grouped into 3 clusters (red, green, blue) using k-means clustering (n = 3). Filled nodes (circles) contain 
protein structures for which some 3D structure is known or predicted. Line colour indicates the type of 
interaction evidence (purple = experiments, blue = databases, green = text mining, black = co-expression). 
Solid lines represent direct interactions between proteins, and the dotted lines represent indirect interactions.  
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Table 3.2) Top 15 results from GeneNetwork 2.0 analysis of CR2 in CEPH B-lymphoblastoid cell lines. Rho = the correlation hypothesised to exist within a population of 
bivariate values from which the sample is randomly drawn; N = number of samples; p = p-value; Lit r = Literature correlation (r) value. 

Index Record Symbol Description Location Mean Sample rho N Sample p (rho) Lit r Tissue rho 

1 ILMN_1727753 CR2 Complement component 
(3d/Epstein Barr virus) receptor 2 Chr1: 207.646892 7.18 1 180 0.00E+00 1 1 

2 ILMN_1684724 CR2 Complement component 
(3d/Epstein Barr virus) receptor 2 Chr1: 207.662678 11.625 0.498 180 1.10E-12 1 1 

3 ILMN_1714000 NXPH3 Neurexophilin 3 Chr17: 47.657370 7.405 0.409 180 1.15E-08 0.366 -0.378 

4 ILMN_1798360 CXCR7 Chemokine (C-X-C motif) receptor 7 Chr2: 237.490784 12.171 0.409 180 1.20E-08 0.424 -0.163 

5 ILMN_1767193 CR1 Complement component (3b/4b) 
receptor 1 (Knops blood group) Chr1: 207.793331 7.213 0.377 180 1.89E-07 -- -- 

6 ILMN_1745964 IRAK2 Interleukin-1 receptor-associated 
kinase 2 Chr3: 10.285163 10.657 0.373 180 2.51E-07 0.359 0.01 

7 ILMN_1675873 SLC35F3 Solute carrier family 35, member F3 Chr1: 234.350271 7.311 0.37 180 3.10E-07 -- -0.052 

8 ILMN_1742601 CR1 Complement component (3b/4b) 
receptor 1 (Knops blood group) Chr1: 207.793363 7.451 0.367 180 3.90E-07 -- -- 

9 ILMN_1809402 MAN2A1 Mannosidase, alpha, class 2A, 
member 1 Chr5: 109.202587 11.433 -0.364 180 4.90E-07 0.462 -0.104 

10 ILMN_1747650 BMP6 Bone morphogenetic protein 6 Chr6: 7.881460 7.741 -0.364 180 4.92E-07 0.365 0.21 

11 ILMN_1814194 TCF4 Transcription factor 4 Chr18: 52.895458 11.212 -0.358 180 7.83E-07 0.387 -0.131 

12 ILMN_1658121 CFP Complement factor properdin ChrX: 47.483818 8.046 0.357 180 8.88E-07 0.705 0.069 

13 ILMN_1731157 MYOZ1 Myozenin 1 Chr10: 75.391501 7.927 0.355 180 1.00E-06 0.258 -0.062 

14 ILMN_1654560 TLR6 Toll-like receptor 6 Chr4: 38.829225 9.515 0.351 180 1.38E-06 0.469 0.143 

15 ILMN_1802653 EBI3 Epstein-Barr virus induced 3 Chr19: 4.237208 16.568 0.348 180 1.75E-06 0.483 0.081 
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3.3.3) Blood eQTL analyses identified several SNPs which may affect CR1 

and/or CR2 expression 
A total of 24 blood eQTLs were identified for CR2 and 138 for CR1. These eQTLs are 

summarised in Tables 3.3 and 3.5. A large proportion of these SNPs were present at relatively 

high frequencies (MAF ≥ 0.1) across 1000 Genomes populations. The majority of CR2-

associated SNPs were negatively correlated with CR2 expression as indicated by negative Z-

scores whilst the remaining five were positively correlated (Table 3.3). Of these sorted 

eQTLs, only the first 12 reached significance using a more restrictive FDR cutoff (< 0.05). 

These predominantly fell within introns of CR1, CR1L and CR2 which exhibited largely 

repressed chromatin configurations in B cells (GM12878) [Table 3.4]. Several SNPs also fell 

within the intergenic region between CD55 and CR2; one ~10 kb upstream of CR2, one 

around 73 kb upstream, and another three approximately 52 kb upstream. Based on FDR and 

overlapping epigenetic features in B cells, rs17042493 was selected as the blood eQTL most 

likely to functionally affect CR2 expression. This SNP overlapped 25 factors by ChIP-Seq 

and exhibited DNase I hypersensitivity across a number of cell lines (55) [Table 3.4]. 

Although this region was predicted as a weak enhancer in B cells via chromatin state 

segmentation, an uncharacterised long non-coding RNA (TCONS_00001789) has also been 

annotated at this locus. 

As a large number of eQTLs (138) were identified for CR1, only the first 25 (FDR ≤ 0.05) 

were assessed further (Table 3.5). As for CR2 eQTLs, the majority were located within 

intronic regions of CR1, CR1L and CR2. The majority fell within epigenetically 

unremarkable regions, with the exception of rs4274065 and rs9429944, which overlapped 

CR1 promoter features in B cells (Table 3.6). However, only a few ChIP-Seq factors were 

shown to overlap so it is unclear how these SNPs may act as eQTLs. The SLE-associated 

variant, rs1876453, which affects CR1 expression in B cells of SLE patients, was not 

identified as an eQTL for either CR1 or CR2. 

3.3.4) The rs1876453 SNP is present at higher frequencies in African and 

European 1000 Genomes populations and absent in Asian sub-groups 
Examination of rs1876453 genotype frequencies across 1000 Genomes populations indicated 

it is present at appreciably higher frequencies in populations in which a disease association 

has been observed, namely; African ancestry in Southwest US (ASW), American populations 

(AMR), and Utah residents with Northern and Western European ancestry (CEU) [Table 3.7].  
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Table 3.3) List of all eQTLs for CR2 from the Blood eQTL browser. SNPs are sorted by p-value (smallest to largest). 

P-value SNP SNP 
Chr. 

SNP Chr. 
Position Probe Probe 

Chr. 
Probe Chr. 

position 
SNP 

Alleles 
Minor 
Allele 

Z-
score 

Gene 
name FDR 

8.32E-07 rs3737002 1 205827396 1030450 1 205729325 C/T T -4.93 CR2 0 
1.23E-06 rs12038575 1 205806895 1030450 1 205729325 C/G G -4.85 CR2 0 
1.56E-05 rs4844614 1 205941798 1030450 1 205729325 G/T T -4.32 CR2 0.01 
2.29E-05 rs17049197 1 205941327 1030450 1 205729325 G/A A -4.23 CR2 0.01 
2.45E-05 rs6661764 1 205875008 1030450 1 205729325 C/G G -4.22 CR2 0.01 
3.93E-05 rs17044032 1 205686572 1030450 1 205729325 A/G G -4.11 CR2 0.02 
3.98E-05 rs17042493 1 205647982 1030450 1 205729325 T/A A -4.11 CR2 0.02 
3.98E-05 rs17042520 1 205648879 1030450 1 205729325 C/T T -4.11 CR2 0.02 
4.05E-05 rs17044525 1 205699419 1030450 1 205729325 A/G G -4.1 CR2 0.02 
4.20E-05 rs17043515 1 205675489 1030450 1 205729325 C/T T -4.1 CR2 0.02 
4.20E-05 rs7548495 1 205720324 1030450 1 205729325 T/A A -4.1 CR2 0.02 
6.05E-05 rs7549152 1 205717561 1030450 1 205729325 G/T T -4.01 CR2 0.03 
1.52E-04 rs1887632 1 205738244 1030450 1 205729325 G/A A -3.79 CR2 0.06 
1.64E-04 rs12059417 1 205720924 1030450 1 205729325 A/T T -3.77 CR2 0.06 
6.29E-04 rs1571344 1 205737551 1030450 1 205729325 A/G G -3.42 CR2 0.18 
6.88E-04 rs1887633 1 205738472 1030450 1 205729325 C/A A -3.39 CR2 0.19 
7.00E-04 rs1986158 1 205737367 1030450 1 205729325 T/C C -3.39 CR2 0.19 
8.09E-04 rs7543742 1 205740603 1030450 1 205729325 G/A A -3.35 CR2 0.21 
8.31E-04 rs12075933 1 205742476 1030450 1 205729325 T/G G -3.34 CR2 0.21 
0.001742 rs12116783 1 205623393 4810292 1 205729407 C/T T 3.13 CR2 0.34 
0.002607 rs7543913 1 205723125 4810292 1 205729407 C/T T 3.01 CR2 0.43 
0.003035 rs6664001 1 205644907 4810292 1 205729407 C/T T 2.96 CR2 0.46 
0.003286 rs3813946 1 205694316 4810292 1 205729407 T/C C 2.94 CR2 0.48 
0.003353 rs12117916 1 205720437 4810292 1 205729407 T/C C 2.93 CR2 0.49 
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Table 3.4) List of CR2 blood eQTLs and their frequency, position, and overlapping epigenetic features in stem cells, B cells, and erythroid cells. N.P. = not present. 

SNP MAF 
(1K-G) 

SNP 
function RefSeq gene 

Relative to 
gene  

(# / total #) 
H3K4me3  
(ENCODE) 

H3K4me1 
(ENCODE) 

H3K27ac  
(ENCODE) 

ChIP-Seq 
(161 factors) 

DNase I HS  
(125 cell types)  

Chromatin state 
(3 cell lines) 

rs3737002 0.2488 Missense CR1 Exon 34/47 N.P. N.P. N.P. N.P. N.P. Repressed (all) 

rs12038575 0.2538 Intronic CR1 Intron 24/46 N.P. N.P. N.P. N.P. N.P. Repressed (all) 

rs4844614 0.3215 Intronic CR1L Intron 9/11 N.P. N.P. N.P. N.P. N.P. Repressed (GM), N.P. (hESC), 
Transcribed (K562) 

rs17049197 0.2620 Intronic CR1L Intron 8/11 N.P. N.P. N.P. N.P. N.P. Repressed (GM), Transcribed (hESC, 
K562) 

rs6661764 0.2995 Intronic CR1 Intron 46/46 N.P. Y (K562) Low N.P. 1, Huh-7 [168] Repressed (GM),Transcribed (hESC), 
N.P. (K562) 

rs17044032 0.0569 - Intergenic 10kb up CR2 N.P. N.P. N.P. N.P. N.P. Repressed (all) 

rs17042493 0.0485 Intronic Intergenic ~52kb up CR2 N.P. Low Low 25 factors 55 lines [645] Weak enhancer (GM), Repressed 
(hESC), N.P.s (K562) 

rs17042520 0.0485 Intronic Intergenic ~52kb up CR2 N.P. N.P. N.P. N.P. 1, Fibrobl [299] Repressed (all) 

rs17044525 0.0673 Intronic CR2 Intron 1/19 N.P. Low Low N.P. N.P. N.P. (GM), Repressed (hESC, K562) 

rs17043515 0.0381 - Intergenic ~19kb up CR2 N.P. N.P. N.P. N.P. N.P. Repressed (all) 

rs7548495 0.0733 Intronic CR2 Intron 18/19 N.P. N.P. N.P. N.P. N.P. Repressed (all) 

rs7549152 0.0633 Intronic CR2 Intron 15/19 N.P. N.P. N.P. N.P. N.P. Repressed (all) 

rs1887632 0.0252 Intronic CR1 Intron 1/46 Low Low Low 4 factors 13 lines [1000] Enhancer (GM), Repressed (hESC), 
N.P. (K562) 

rs12059417 0.0737 Intronic CR2 Intron 18/19 N.P. N.P. N.P. N.P. N.P. Repressed (all) 

rs1571344 0.1544 Intronic CR1 Intron 1/46 N.P. Low Low 1 factor 6 lines [262] N.P. (GM), Repressed (hESC), N.P. 
(K562) 

rs1887633 0.1542 Intronic CR1 Intron 1/46 N.P. N.P. Low 1 factor N.P. Promoter flanking (GM), Repressed 
(hESC), N.P. (K562) 

rs1986158 0.1542 Intronic CR1 Intron 1/46 N.P. Low Low N.P. 1, MCF-7 [125] N.P. (GM, K562), Repressed (hESC) 

rs7543742 0.1524 Intronic CR1 Intron 1/46 Low Y (K562) Low 16 factors Adjacent N.P. (GM), Repressed (hESC), 
Enhancer (K562) 

rs12075933 0.1522 Intronic CR1 Intron 1/46 N.P. Low Very Low 1 factor* N.P. Repressed (all) 

rs12116783 0.1771 - Intergenic ~73kb up CR2 N.P. N.P. N.P. N.P. N.P. Repressed (all) 

rs7543913 0.1322 Intronic CR2 Intron 18/19 N.P. N.P. N.P. N.P. N.P. Transcribed (GM), Repressed (hESC, 
K562) 

rs6664001 0.1691 ncRNA LOC101929363 ~53kb up CR2 N.P. N.P. N.P. N.P. Adjacent 121 CTCF enriched element (all) 

rs3813946 0.1308 5' UTR CR2 5' UTR Low Low Low 24 factors 53 lines [736] Promoter region (all) 

rs12117916 0.1705 Intronic CR2 Intron 18/19 N.P. N.P. N.P. N.P. N.P. Repressed (all) 
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Table 3.5) List of top 25 eQTLs for CR1 from the Blood eQTL Browser. SNPs are sorted by p-value (smallest to largest). 
 

  
P-value SNP SNP 

Chr. 
SNP Chr. 
Position Probe Probe 

Chr. 
Probe Chr. 

position 
SNP 

Alleles 
Minor 
Allele 

Z- 
score 

Gene 
name FDR 

5.65E-06 rs3818361 1 205851591 1050025 1 2.1E+08 A/G A 4.54 CR1 0 
5.82E-06 rs1408077 1 205870764 1050025 1 2.1E+08 A/C A 4.53 CR1 0 
5.99E-06 rs4844610 1 205869175 1050025 1 2.1E+08 A/C A 4.53 CR1 0 
6.03E-06 rs6701713 1 205852912 1050025 1 2.1E+08 A/G A 4.53 CR1 0 
6.27E-06 rs2296160 1 205861943 1050025 1 2.1E+08 A/G A 4.52 CR1 0 
6.64E-06 rs1408078 1 205867178 1050025 1 2.1E+08 T/C T 4.5 CR1 0 
1.21E-05 rs7542544 1 205852846 1050025 1 2.1E+08 C/A C 4.38 CR1 0.01 
1.25E-05 rs7519119 1 205852775 1050025 1 2.1E+08 G/A G 4.37 CR1 0.01 
1.30E-05 rs2182913 1 205727001 4200669 1 2.1E+08 G/A A -4.36 CR1 0.01 
1.32E-05 rs12034383 1 205870218 1050025 1 2.1E+08 G/A G 4.36 CR1 0.01 
1.39E-05 rs11803956 1 205869644 1050025 1 2.1E+08 T/C T 4.35 CR1 0.01 
1.39E-05 rs12041437 1 205869887 1050025 1 2.1E+08 C/A C 4.35 CR1 0.01 
1.79E-05 rs4618971 1 205732684 4200669 1 2.1E+08 T/C C -4.29 CR1 0.01 
1.95E-05 rs6667500 1 205946777 1050025 1 2.1E+08 G/C G -4.27 CR1 0.01 
2.47E-05 rs4844597 1 205737892 4200669 1 2.1E+08 T/C C -4.22 CR1 0.01 
2.55E-05 rs4274065 1 205738099 4200669 1 2.1E+08 T/C C -4.21 CR1 0.01 
2.73E-05 rs2182911 1 205726694 4200669 1 2.1E+08 T/C C -4.19 CR1 0.01 
2.74E-05 rs2182912 1 205726967 4200669 1 2.1E+08 T/A T -4.19 CR1 0.01 
2.82E-05 rs1204676 1 206117470 1050025 1 2.1E+08 C/T T -4.19 CR1 0.01 
3.53E-05 rs2089493 1 205615802 4200669 1 2.1E+08 C/T T 4.14 CR1 0.02 
3.57E-05 rs7525160 1 205735037 4200669 1 2.1E+08 G/C C 4.13 CR1 0.02 
4.59E-05 rs9429940 1 205729535 4200669 1 2.1E+08 T/C T -4.08 CR1 0.02 
4.80E-05 rs7533408 1 205740254 4200669 1 2.1E+08 T/C T -4.07 CR1 0.02 
5.42E-05 rs7519408 1 205727912 4200669 1 2.1E+08 G/C G -4.04 CR1 0.02 
5.62E-05 rs4618970 1 205728263 4200669 1 2.1E+08 T/C C -4.03 CR1 0.02 
6.20E-05 rs9429944 1 205736930 4200669 1 2.1E+08 T/A T -4.01 CR1 0.03 
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Table 3.6) List of top 25 CR1 blood eQTLs and their frequency, position, and overlapping epigenetics features in stem cells, B cells, and erythroid cells. N.P. = not present. 

SNP MAF 
(1K-G) 

SNP 
function 

RefSeq 
gene 

Relative to gene 
(# / total #) 

H3K4me3 
(ENCODE) 

H3K4me1 
(ENCODE) 

H3K27ac 
(ENCODE) 

ChIP-Seq 
(161 factors) 

DNase I HS  
(125 cell types) 

Chromatin state 
(3 cell lines) 

rs3818361 0.2486 Intronic CR1 Intron 37/46 N.P. Low Very Low N.P. 1, Osteobl [145] Repressed (GM, hESC), N.P. (K562) 

rs1408077 0.1412 Intronic CR1 Intron 46/46 N.P. Low Low N.P. N.P. Repressed (GM, hESC), N.P. (K562 - adj. 
enhancer) 

rs4844610 0.0647 Intronic CR1 Intron 45/46 N.P. Y (K562) Low 1 factor N.P. Repressed (GM, hESC), N.P. (K562) 

rs6701713 0.2484 Intronic CR1 Intron 39/46 N.P. V. Low Very Low 4 factors 3 lines [253] Repressed (GM), CTCF enriched (hESC, 
K562) 

rs2296160 0.1719 Missense CR1 Exon 44/47 N.P. N.P. Low N.P. N.P. Repressed (GM, hESC), Transcribed 
(K562) 

rs1408078 0.1430 Intronic CR1 Intron 45/46 N.P. Y (K562) Y (K562) N.P. N.P. Repressed (GM, hESC), N.P. (K562 - adj. 
enhancers) 

rs7542544 0.3852 Intronic CR1 Intron 39/46 N.P. N.P. Very Low 3 factors Adjacent 3 Repressed (GM), CTCF enriched (hESC, 
K562) 

rs7519119 0.3850 Intronic CR1 Intron 39/46 N.P. N.P. N.P. 2 factors Adjacent 3 Repressed (GM), CTCF enriched (hESC, 
K562) 

rs2182913 0.2718 Intronic CR2 Intron 19/19 N.P. Low N.P. N.P. N.P. Repressed (all) 

rs12034383 0.4060 Intronic CR1 Intron 45/46 N.P. Low Very Low 1 factor N.P. Repressed (GM, hESC), N.P. (K562 - adj. 
enhancer) 

rs11803956 0.3966 Intronic CR1 Intron 45/46 N.P. Y (K562) Low 1 factor N.P. Repressed (GM, hESC), Enhancer (K562) 

rs12041437 0.4063 Intronic CR1 Intron 45/46 N.P. Y (K562) Very Low 1 factor N.P. Repressed (GM, hESC), Enhancer (K562) 

rs4618971 0.1741 - Intergenic ~3.5kb up CR1 N.P. V. Low Very Low N.P. N.P. Repressed (all) 

rs6667500 0.4667 Intronic CR1L Intron 9/11 N.P. NA Very Low N.P. N.P. Repressed (all) 

rs4844597 0.0779 Intronic CR1 Intron 1/46 Low Low Low N.P. Adjacent 1 N.P. (GM, K562), Repressed (hESC) 

rs4274065 0.1008 Intronic CR1 Intron 1/46 Low Y (K562) Low 3 factors 13 lines [1000] Promoter (GM), Repressed (hESC), N.P. 
(K562) 

rs2182911 0.1182 Intronic CR2 Intron 19/19 N.P. N.P. N.P. N.P. N.P. Transcribed (GM), Repressed (hESC, 
K562) 

rs2182912 0.0933 Intronic CR2 Intron 19/19 N.P. Low N.P. N.P. N.P. Repressed (all) 

rs1204676 0.2318 Intronic LOC10537
2882 ncRNA? N.P. N.P. N.P. N.P. N.P. Repressed (all) 

rs2089493 0.3920 - Intergenic  ~125kb up CR1 N.P. N.P. N.P. N.P. N.P. Repressed (all) 

rs7525160 0.3646 Upstream CR1 ~1kb up CR1 N.P. N.P. N.P. N.P. N.P. Repressed (GM, hESC), N.P. (K562) 

rs9429940 0.0903 3' UTR CR2 3' UTR N.P. N.P. N.P. N.P. N.P. Repressed (all - GM adj. transcribed) 

rs7533408 0.2444 Intronic CR1 Intron 1/46 N.P. Low Adjacent 2 factors Adjacent 5 N.P. (GM, K562 - adj. enhancer), 
Repressed (hESC) 

rs7519408 0.0903 Intronic CR2 Intron 19/19 N.P. Low N.P. N.P. N.P. Transcribed (GM), Repressed (hESC, 
K562) 

rs4618970 0.0913 Intronic CR2 Intron 19/19 N.P. N.P. Very Low N.P. N.P. Transcribed (GM), Repressed (hESC, 
K562) 

rs9429944 0.2440 Intronic CR1 Intron 1/46 GM, K562 Y (all) N.P. 2 factors 56 lines [419] Promoter (GM), Enhancer (hESC), 
Promoter flanking (K562) 
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In contrast, only a single occurrence of this SNP was observed in Chinese or Japanese 

populations, in which a disease association was not discovered across several studies     

(Table 3.7). Although heterozygous genotypes were present at appreciable frequencies across 

a number of populations (AFR, AMR, EUR), minor allele homozygotes (A/A) were 

incredibly rare (frequency ≤ 0.05) [Table 3.7]. 

3.3.5) The rs1876453 SNP is in high linkage disequilibrium with the 

upstream variant rs61240730 across a number of populations 
The rs1876453 SNP was found to be in high linkage disequilibrium (r2 ≥ 0.8) with a number 

of SNPs across 1000 Genomes populations (Table 3.8). However, this was highly variable 

across population groups. For example, while around 20 linked SNPs were identified in 

Colombian (CLM), Mexican (MXL) and European (CEU, FIN, GBR, TSI) populations, only 

8 were identified in Peruvian (PEL) and Puerto Rican (PUR) sub-groups. Conversely, only a 

single SNP (rs61240730) located 3988 bp away, was in high LD in African populations 

(ASW, YRI). Further pairwise linkage analysis of the two variants highlighted that these two 

variants are in complete LD (r2 = 1) across all 1000 Genomes populations. The rs61240730 is 

located ~3 kb upstream of the CR2 transcriptional start site (TSS), and was found not to 

overlap any significant epigenetic features within the UCSC Genome Browser or Ensembl 

Regulatory build. 

3.3.6) Analysis of public RNA-Seq datasets indicated that rs1876453 may 

affect both CR1 and CR2 expression 
Several public RNA-Seq (and DNase-Seq) datasets were available for African (YRI) and 

European (CEU, FIN, GBR, TSI) 1000 Genomes samples, as indicated in Table 3.7. As the 

rs1876453 SNP was present at appreciable frequencies across these sub-groups, and had 

demonstrated an association with SLE in similar populations we looked at how sample 

genotypes correlated with CR1 and CR2 expression levels and DNase I accessibility (where 

possible). Pickrell et al.394 data used only YRI LCLs, and of the 69 samples, 54 were major 

homozygotes (GG), 10 were heterozygotes (AG), none were minor homozygotes (AA), and 5 

had unknown genotypes. The expression levels of housekeeping genes ACTB and GAPDH 

did not differ based on rs1876453 genotype (p = 0.4057 and p = 0.5721, respectively)        

[Figure 3.2 A]. Likewise, expression of the canonical B cell marker, CD19, was not 

significantly different (p = 0.8348). However, expression of the CR2 gene containing the 

SNP was significantly lower in YRI individuals of the AG compared with those of the GG   
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Table 3.7) 1000 Genomes genotype frequencies for rs1876453 and publicly available datasets using 1000 Genomes lymphoblastoid B-cell lines. Citations for 
complementary studies or datasets are provided. Asterisks represent the strength of the SNP association with SLE auto-antibodies, as defined in Zhao et al.290, where ** 
represents a more significant association than *. 

Population Sub-
population 

Associated in 
Zhao 2016290? 

G/G frequency 
(+ count) 

A/G frequency 
(+ count) 

A/A frequency 
(+ count) 

RNA-Seq 
citations 

DNase-Seq 
citations Other GWAS? 

All pops  N/A 0.902 (2259) 0.096 (241) 0.002 (4)    

African (AFR) 
ASW Yes (AA)* 0.869 (53) 0.131 (8) 0    
YRI  0.815 (88) 0.185 (20) 0 [394,395] [417]  

American (AMR) 

CLM 

Yes (HS)* 

0.926 (87) 0.074 (7) 0    
MXL 0.938 (60) 0.062 (4) 0    
PEL 0.918 (78) 0.082 (7) 0    
PUR 0.904 (94) 0.096 (10) 0    

East Asian 
(EAS) 

CDX 

No (AS) 

1.000 (93) 0 0   
[284,418], Chinese CHB 0.990 (102) 0.010 (1) 0   

CHS 1.000 (104) 0 0   
JPT 1.000 (99) 0 0   [288] 

European (EUR) 

CEU Yes (EA)** 0.831 (418) 0.165 (83) 0.004 (2) [395]  

[284,418], European 
FIN  0.879 (87) 0.121 (12) 0 [395]  
GBR  0.692 (63) 0.297 (27) 0.011 (1) [395]  
TSI  0.850 (91) 0.150 (16) 0 [395]  
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Table 3.8) List of SNPs in high linkage disequilibrium (LD) with rs1876453 across 1000 Genomes populations. 

Population Sub-population Number of SNPs 
in high LD Max distance (bp) 

AFR (African) 
ASW 1 3988 
YRI 1 3988 

AMR (American) 

CLM 19 46559 
MXL 17 46559 
PEL 8 26383 
PUR 8 26383 

EAS (East Asian) 

CDX 0 N/A 
CHB 0 N/A 
CHS 0 N/A 
JPT 0 N/A 

EUR (European) 

CEU 20 46559 
FIN 20 46559 
GBR 21 46559 
TSI 19 46559 
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genotype (p = 0.0221) [Figure 3.2 A]. CR1 expression also appeared lower in heterozygotes, 

however this difference was not significant (p = 0.0536). Comparatively, the CD55 gene, 

positioned upstream of CR2, showed no genotype-specific differences (p = 0.6098). Similar 

trends were observed when examining Lappalainen et al.395 data from 462 LCLs from various 

populations (CEU, FIN, GBR, TSI, and YRI) [Figure 3.2 B]. Genotypes were available for all 

but one of these samples, leaving 384 major homozygotes (GG), 75 heterozygotes (AG), and 

just 2 minor homozygotes (AA). Using the full dataset, the expression of control genes 

ACTB, GAPDH and CD19 were highly comparable between genotypes (p = 0.8224,              

p = 0.9045, and p = 0.5687, respectively). Likewise, the RCA gene CD55 showed no allele-

specific differences (p = 0.9230). CR1 expression was higher in heterozygotes (15.11 ± 1.14) 

compared with major homozygotes (12.75 ± 0.49), although this difference did not quite 

reach significance (p = 0.0545). CR1 expression levels were even higher in minor 

homozygotes (28.05 ± 13.59) although demonstrated high variability due to the low sample 

count (n = 2). As demonstrated in the previous YRI dataset, the minor allele (A) negatively 

correlated with CR2 expression, with highest RPKM values observed in major homozygotes 

(27.32 ± 0.66), followed by heterozygotes (24.21 ± 1.05) and minor homozygotes          

(20.88 ± 4.44). Although it was not possible to assess significance for the two AA data points 

due to low sample count, the GG and AG datasets were significantly different (p = 0.0488) 

[Figure 3.2 B]. 

Despite these interesting observations, significance was lost upon stratification of these data 

by population sub-type (Figure 3.3). The trend of decreased CR2 in the presence of the minor 

allele was still apparent in each of the CEU (78 x GG, 12 x AG, 0 x AA), GBR (70 x GG,   

23 x AG, 1 x AA), and YRI (66 x GG, 22 x AG, 0 x AA) populations (Figure 3.3 A), 

suggesting that decreased sample size may be a likely reason for the loss of significance. 

Trends for CR1 were disparate between each population, reflecting the lack of significant 

expression differences between genotypes of the overall analysis. A marginal increase was 

observed in CEU (GG: 13.08 ± 1.17, AG: 14.78 ± 4.44), and an even larger increase in GBR              

(GG: 13.28 ± 1.08, AG: 16.58 ± 1.58, AA: 41.63), whereas the minor allele appeared to 

decrease expression in YRI individuals (GG: 15.34 ± 1.63, AG: 12.05 ± 1.69) in agreement 

with observations from Pickrell et al.394 data (Figure 3.3 B). Again, none of these differences 

reached significance. 
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Figure 3.2) Public RNA-Seq data indicated rs1876453 may decrease CR2 expression. (A) Pickrell et al.394 RNA-Seq data from 69 B-lymphoblastoid cell lines derived from 
Nigerian (YRI) individuals. Reads for RCA genes (CD55, CR2, CR1), B cell-specific targets (CD19) and control (ACTB, GAPDH) transcripts were normalised using the RPKM 
method.  (B) Lappalainen et al.395 RNA-Seq data from 462 lymphoblastoid B-cell lines derived from individuals across five populations, including: European Americans (CEU), 
Finnish (FIN), British (GBR), Italian (TSI) and Nigerian (YRI). Data are presented as log normalised RPKM values. Top: scatter plot of each individual (normalised) value from 
all 462 samples separated based on rs1876453 genotype (major homozygous, GG; heterozygous, AG; and minor homozygous, AA). Bottom: bar graph of mean expression 
values (RPKM) ± SEM for each genotype. Statistical differences between rs1876453 major homozygotes (GG) and heterozygotes (AG) were assessed using a Student’s 
unpaired t-test. Significant differences (p < 0.05) are indicated with an asterisk 
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Figure 3.3) Genotype-specific differences in CR2 expression were lost upon stratification of RNA-Seq data 
based on population sub-type. Lappalainen et al.395 RNA-Seq data for CR2 (A) and CR1 (B) from 462 
lymphoblastoid B-cell lines, stratified into European American (CEU), British (GBR), and Nigerian (YRI) sample 
sub-groups. Data are presented as (log) normalised RPKM values. Top: scatter plot of each individual 
(normalised) value from samples separated based on rs1876453 genotype (major homozygous, GG; 
heterozygous, AG; and minor homozygous, AA). Bottom: bar graph of mean expression values (RPKM) ± SEM 
for each genotype. Statistical differences between rs1876453 major homozygotes (GG) and heterozygotes (AG) 
were assessed using a Student’s unpaired t-test. 
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3.3.7) Analysis of public DNase-Seq data from YRI lymphoblastoid B-cell 

lines was inconclusive in relation to chromatin accessibility and rs1876453 

genotype 
As the rs1876453 SNP within the CR2 intron 1/promoter region overlaps a large number of 

ENCODE-derived transcription factor-bound sites (Figure 3.4) and has been shown to affect 

CTCF-binding in an allele-specific manner, we wanted to determine whether any allele-

specific differences in chromatin accessibility are also conferred. DNase-Seq data generated 

by Degner et al.417 on 70 lymphoblastoid cell lines from individuals of Nigerian (YRI) 

descent included 60 major homozygotes (GG) and 9 heterozygotes (AG). Unfortunately, very 

few mapped reads directly overlapped the rs1876453 SNP (mean = 0.362). As a partial 

workaround, we used the larger region over which CTCF ChIP-Seq signal was detected. An 

average of 13.61 reads overlapped this region and these values were subsequently normalised 

to total sample reads. Further analysis indicated no difference in DNase I hypersensitivity 

between homozygotes and heterozygotes (Figure 3.5). However, these data were inconclusive 

due to low coverage across the target region (and across the rest of the genome). 



 

 
 

69 

 

Figure 3.4) UCSC Genome Browser datasets indicate the CR2 intron 1 SNP rs1876453 overlaps a DNase I hypersensitivity region which binds many transcription factors. 
UCSC Genome Browser snapshot of the CR2 promoter region (as indicated by H3K4me3/H3K27ac enrichment and chromatin segmentation in GM12878 B cells; pink/red). 
The rs1876453 SNP (yellow line) overlaps a CTCF ChIP-Seq peak (top; dark red), with the extent of binding shown in the ENCODE ChIP-Seq track (bottom). Other ENCODE 
ChIP-Seq factors are also shown, with the protein name on the left of the annotated DNA-bound region, and the sampled cell type(s) indicated to the right (G = GM12878 B 
lymphoblastoid cells, K = K562 erythroid cell line, h = H1-hESC embryonic stem cells). High enrichment is indicated by black bars, whereas bound factors with lower 
enrichment are lighter shades of grey. ENCODE DNase I hypersensitivity is also indicated; the number to the left of each hypersensitivity cluster represents the number of 
cell types (out of 125) in which hypersensitivity was observed. 
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Figure 3.5) DNase-Seq data on 1000 Genomes lymphoblastoid B-cell lines did not indicate any major allele-
specific differences in chromatin accessibility within the CTCF-binding region overlapping rs1876453. Scatter 
plot of the number of DNase-Seq reads across the CTCF-bound region overlapping CR2 SNP rs1876453. Values 
have been normalised to total read count in each sample. Data were derived from Degner et al. 417 DNase-Seq 
on 70 lymphoblastoid B-cell lines from individuals of Nigerian descent (YRI). Statistical differences between 
rs1876453 major homozygous (GG) and heterozygous (AG) sample groups were assessed using a Student’s 
unpaired t-test. 
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3.4 Discussion 

3.4.1) RCA proteins are functionally associated and are likely co-regulated 
A number of the data presented here are in support of our hypothesis that CR1 and CR2 may 

be co-regulated within B cells. Although STRING analysis did not indicate a direct 

association of the two proteins this was not surprising considering the multi-functional nature 

of CR1. That is, in addition to its complement-binding receptor activity207, CR1 acts as a co-

factor in complement degradation419 and as a decay-accelerating factor in the overarching 

complement pathway212. Accordingly, CR1 clustered in the same network as several other 

RCA proteins with similar functions, including CD55, CD46 and CFH. As these nodes 

clustered quite tightly and demonstrated strong interaction evidence, these analyses are 

therefore suggestive of co-operativity between these molecules. Such interactions may 

enhance complement degradation, leading to a more robust immune response upon activation 

of the complement pathway. Other complement factors such as C3, CFB, and CFHR3 were 

also associated with many of these proteins. The final two members of this network cluster, 

CD40LG and ITGAM, were more interesting. The ITGAM molecule forms part of the 

leukocyte-specific integrin referred to as macrophage receptor, or inactivated-C3b (i3b) 

receptor 3 (CR3)153. As CR3 is not known to be expressed on B cells, this may suggest co-

expression with broadly expressed RCA family members, such as CD55 and CD46, on 

alternative immune cell types such as neutrophils. Finally, CD40LG is a ligand known to be 

expressed on activated T-helper cells which interacts with its receptor, CD40, on B cells to 

stimulate proliferation, differentiation, immunoglobulin class switching, antibody secretion, 

affinity maturation, and the generation of memory B cells420. 

In contrast to CR1, CR2 fell within a separate network cluster along with known co-

associated proteins CD19133,421, CD81 (TAPA-1)421, and B-cell receptor components 

CD79A/B422. The BCR inhibitory co-receptor, CD22, was also part of this cluster which was 

unsurprising considering the role of both CR2 and CD22 in BCR activation133,134,423. Various 

cell surface markers, including CD2, CD58 and CD5 were also loosely associated with other 

proteins within the cluster. Many of these molecules have been shown to act as cell adhesion 

molecules and/or antigen presentation molecules on haematopoietic cell types such as 

macrophages and T cells424,425. Interestingly, CD40 was also part of this cluster, although it 

was predominantly included as a result of co-expression patterns rather than any functional 

association with CR2 or its partners. This network model is therefore suggestive of functional 
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co-associations between a number of complement regulatory proteins and/or receptors. 

Although a direct association between CR2 and CR1 was not identified, they were indirectly 

linked via several methods (experiments, databases and text mining). The lack of co-

expression may suggest that these genes are differentially expressed, and the shared CD81 

node may be a reflection of the opposing effect of these receptors on BCR signalling426,427. In 

contrast, GeneNetwork analyses were suggestive of a positive correlation between expression 

of CR2 and CR1 within B-lymphoblastoid cell lines. A number of other immune-related 

factors were also positively associated with CR2, such as CXCR7, TLR6, CFP and EBI3 

although considering their known roles169 it was unclear why many of these proteins (except 

CFP and perhaps EBI3) would be co-expressed alongside CR2. Furthermore, the presence of 

molecules with very different tissue-specific roles in non-haematopoietic cell types (i.e. 

MYOZ1 and CXCR7) may reflect a limitation of this tool, at least in human samples. 

Alternatively, these proteins may perform as yet uncharacterised functions in immune cells. 

3.4.2) eQTL analyses in blood cells identified several SNPs which may affect 

CR1 or CR2 expression but showed limitations 
We identified a large number of potential eQTLs for the CR2 and CR1 genes within the blood 

eQTL browser; 24 and 138, respectively405. This disparity in number was initially considered 

as a representation of fewer functional regulatory regions for CR2 which could be perturbed 

by allele-specific SNP effects. As the method uses genomic probes to measure expression of 

particular genes, we further considered whether this may simply be a reflection of gene 

length. Specifically, the CR2 gene is 35.6 kb, whilst the CR1 gene is 145.6 kb and therefore 

likely to bind a greater number of probes. When we normalised the eQTL counts to gene 

length, we found the numbers of eQTLs for CR1 and CR2 to be highly comparable. In 

contrast, a set of 15 random genes showed variable eQTL numbers relative to gene length, 

suggesting that some targets may indeed be more prone to the effects of cis-eQTLs in blood 

cells. The majority of CR2 eQTLs were positively correlated with gene expression, whilst for 

CR1 positive and negatively-correlated SNPs were more evenly represented. However, 

subsequent results demonstrated that the most significant eQTLs for both target genes were 

not typically located in regions of the genome bearing epigenetic marks characteristic of 

regulatory regions. It is therefore likely that a large proportion of the cis-eQTLs identified are 

in fact false positives. Only one SNP approximately 52 kb upstream of the CR2 gene 

(rs17042493) did overlap enhancer features in the B-lymphoblastoid cell line GM12878 via 

ENCODE analysis. As such, this SNP may perturb enhancer activity or long-range 
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interactions with the CR2 promoter, as has been observed in a number of prior 

studies339,428,429. Interestingly, this region had also been identified to contain a putative non-

coding RNA and considering the emerging role of ncRNAs in the regulation of gene 

expression430, this locus may functionally influence expression of nearby genes, such as CR2. 

Studies have estimated that approximately 7% of SNPs associated with autoimmune diseases 

seem to annotate to long intergenic non-coding RNAs (lincRNAs)180, and some GWAS SNPs 

have been demonstrated to have eQTL-effects on these lincRNAs431. Similar to CR2 cis-

eQTLs, the majority of SNPs associated with CR1 fell within epigenetically unremarkable 

regions of the genome; typically within introns. Of the top twenty five results, only 

rs4274065 and rs9429944, posititioned within the CR1 promoter, seemed likely to impact 

CR1 expression. These SNPs overlapped promoter histone marks in both B cells and 

erythroid cells and thus could potentially affect CR1 expression in such cell types. Since large 

haplotype blocks exist across this region it is also feasible that many of these SNPs are in LD 

with other regulatory variants.  

One of the major goals from our blood eQTL browser analyses was to identify whether eQTL 

effects on CR1 could be recapitulated for the SLE-associated CR2 intron 1 variant, 

rs1876453. However, this SNP was not identified as an eQTL for CR1 or CR2. Several 

pitfalls were acknowledged which could explain this finding. Firstly, the genotype-specific 

effects on CR1 expression were originally observed in the B cells of patients with SLE and 

therefore, together with these eQTL findings, may suggest this phenomenon is specific to 

individuals with SLE. Whilst Westra et al.405 were themselves able to confirm the eQTL 

effects of an SLE-associated variant on IKZF1 expression and its downstream targets, it was 

unclear whether the blood eQTL dataset faithfully represented cell type-specific eQTLs. The 

second limitation of this dataset was therefore related to the samples used in the study. 

Specifically, profiled cells were derived from peripheral blood, which consists of 

erythrocytes, platelets and a wide array of leukocyte populations such as B cells, T cells and 

monocytes432. As the proportions of each of these cell populations are quite disparate (e.g. B 

cells constitute ~5% of PBMCs and monocytes 10-15%)433, identified eQTLs may be biased 

towards highly abundant cellular subsets, whilst obscuring rare cell type-specific eQTLs. 

Indeed, the importance of accounting for cellular heterogeneity in studies of blood has been 

previously recognised in a number of genome wide studies433–435. Furthermore, a comparison 

of skin, fat and LCLs has shown that only 30% of eQTLs may be shared across tissues436. 
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We therefore examined whether previously characterised eQTLs in B cells could be 

associated to their target genes. For example, a study by Fairfax et al.433 identified the SNP 

rs2223286 to be associated with directional effects on the expression of the SELL gene; the 

minor allele of this SNP (C) was associated with increased expression of SELL in B cells, and 

reduced expression in monocytes. Although this SNP was identified as a cis-eQTL for SELL 

via the blood browser, the Z-score was strongly negative (-35.59) and may indicate 

preferential identification of the monocyte association (i.e. negative correlation) whilst 

obscuring the positive B cell association. Similarly, rs738289 was acknowledged as an 

example of an ‘eSNP’ that constitutes an eQTL to different genes depending on cell type; in 

B cells, it is strongly associated with MGAT3 expression (PB cell = 9.8 x 10-26) with no 

association to SYNGR1, whereas in monocytes the eSNP is strongly associated with SYNGR1 

expression (Pmonocyte = 1.2 x 10-17) but not associated with MGAT3433. Blood browser analysis 

of this SNP identified it as a cis-eQTL for only SYNGR1 (i.e. no association with MGAT3). 

These observations, among others, were suggestive that the blood browser may be biased 

towards the detection of monocyte-specific eQTLs at the expense of correlations in less 

abundant cell types, such as B cells. The original authors of the blood eQTL paper have since 

released an article partially addressing such concerns437. Therefore, we cannot exclude that 

the rs1876453 CR2 SNP may have a widespread impact on CR1 expression in B cells even in 

individuals without SLE. 

3.4.3) The rs1876453 intronic SNP may affect CR1/CR2 expression in B cells 

in a population-specific manner 
One of the major goals of our bioinformatics work was to determine whether any rs1876453 

genotype-specific differences in CR1 and/or CR2 expression could be observed in B-

lymphoblastoid cell lines from various 1000 Genomes populations. Initial interrogation of 

allele frequencies indicated higher minor allele prevalence in populations of European 

descent, especially within GBR. In contrast, the minor allele was rarely observed across 

nearly 400 individuals of Asian descent. These findings correlated well with those in the 

original study by Zhao et al.290, whereby the most prominent association between rs1876453 

and SLE was in European Americans, followed by African Americans and Hispanics. In 

contrast, no association had been detected in the Asian population. Our analyses here indicate 

that this lack of association is likely due to a complete absence of this SNP within individuals 

of Asian descent, and reflects one of the challenges in identifying functional genetic variants. 

Fortunately, the B-lymphoblastoid cell lines for which RNA-Seq (and DNase-Seq) data were 
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available from European and African (YRI) individuals contained an appreciable number of 

rs1876453 heterozygotes. Interestingly, analysis of both available RNA-Seq datasets394,395 

indicated that the minor allele is significantly associated with decreased CR2 transcript 

abundance. This observation was not surprising considering CR2 has itself been associated 

with SLE in a number of studies in both humans and mice266,267,282. Furthermore, the SNP 

overlaps the CR2 promoter region and so may have a direct impact on chromatin accessibility 

or transcription factor binding which could lead to reduced transcription. To partially explore 

such a hypothesis, DNase-Seq data were examined for YRI individuals, although no 

functional conclusions could be drawn from these data due to very low coverage within the 

target region. Significantly higher coverage was observed at some highly DNase I 

hypersensitive regions as assessed in the original publication417. Some interesting 

observations from this study were that DNase I sensitivity QTLs (dsQTLs) typically affected 

chromatin accessibility across a fairly broad 200 – 300 bp region, suggesting that functional 

SNPs can have wider impacts despite only representing a single nucleotide change within the 

DNA sequence. Furthermore, dsQTLs were typically found to lie within chromatin regions 

previously predicted to be functional in lymphoblastoid cell lines438: 41% in predicted 

enhancers, 26% in promoters, and 10% in insulators. They were also enriched within binding 

sites for specific transcription factor motifs, including CTCF, cAMP-response element (CRE) 

and interferon-stimulated response element (ISRE). Therefore, although our results at the 

rs1876453 locus were inconclusive, it is still possible that it may act as a dsQTL to perhaps 

indirectly affect binding of factors such as CTCF as we have observed previously290.  

Despite datasets containing a reasonable number of rs1876453 genotype samples, the 

previously characterised minor allele-specific increase in CR1 expression290 could not be 

recapitulated in 1000 Genomes LCLs. In fact, in YRI individuals the opposite trend (i.e. 

decreased CR1 expression) was observed using both RNA-Seq datasets. However, the dataset 

which contained a large number of European samples was suggestive of a marginal increase 

in CR1 expression in heterozygous individuals compared to major homozygotes. Although 

the difference did not reach significance, this may have been due to opposing trends in 

European and African samples. Although the full dataset was not re-analysed excluding 

African individuals, stratification based on sub-populations did reveal a prominent increase in 

CR1 expression in the GBR dataset. However, each of these stratified populations contained 

fairly limited numbers which made it difficult to generate any definite conclusions. Overall, 

the data did suggest that rs1876453 may negatively impact CR2 expression within both 
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European and African populations. The variant may additionally promote increased CR1 

expression specifically within European individuals. Additional pipelines, such as 

AlleleSeq439 would likely prove beneficial to more conclusively assess allele-specific effects 

by differentiating maternal and paternal alleles. However, such an approach requires the 

construction of a ‘diploid personal genome’ using genomic sequence variants, which would 

require high-coverage sequencing data for both parental genomes; the majority of which are 

not available for 1000 Genomes individuals. Our laboratory has also developed a technique 

termed ‘Chromatin Accessibility by sequencing’ (ChA-Seq), which uses heterozygous 

samples to measure allele-specific differences in accessibility. Analysis of the rs1876453 

SNP was limited by issues related to sequence context surrounding the SNP, but were 

suggestive of accessibility differences in a heterozygous lymphoblastoid B-cell line derived 

from an SLE-affected individual of European American ancestry (Taylor et al., unpublished). 
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Chapter Four – Chromosome conformation capture and 
enhancer characterisation methods identify a potential B 
cell-specific enhancer regulating CR2 

4.1 Introduction 
Over the past 15 years, numerous methods have been developed to study the nature and 

function of genome structure, including chromosome conformation capture technologies such 

as 3C, 4C, 5C, and Hi-C (reviewed in Yao et al.440), as well as modified variants such as 

ChIA-PET441. Such techniques have furthered our understanding of how complex genomic 

loci are regulated through the spatial aggregation of gene promoters with distal enhancer 

sequences as active chromatin hubs315,442. These studies have also shown that chromosomes 

are typically folded as a hierarchy of 40 kb to 3 Mb topologically associated domains (TADs) 

which limit enhancer-promoter interactions to within a single domain443–445. Each of the 

methods for assessing genomic structure have advantages and disadvantages – Hi-C, for 

example, offers extremely high coverage by measuring all pairwise interactions across the 

genome446,447. This allows for the construction of global chromatin interactome maps and the 

delineation of TAD boundaries443. Despite these utilities, Hi-C is greatly limited in 

resolution447 compared to methods like 4C, which measures chromosomal contact 

frequencies from a single locus (a “viewpoint”) with the rest of the genome (reviewed by de 

Wit & de Laat448). Methods such as 4C are therefore more desirable for the study of known 

genomic regions as they provide high resolution maps of interactions and their frequencies449. 

They have proved valuable for understanding and identifying enhancer targets and various 

outcomes associated with genomic looping. The H19/Igf2 locus provides one example of 

how allele-specific binding of CCCTC-binding factor (CTCF) can drastically impact gene 

regulation by mediating450 or preventing451 specific enhancer–gene associations. Indeed, 

CTCF has been described as a ‘master regulator’ of chromatin conformation and is involved 

in orchestrating a large number of genomic interactions, often in collaboration with additional 

factors such as cohesin and Mediator452–454. CTCF is also important for the demarcation of 

highly conserved TAD boundaries which prevent the spread of heterochromatin across 

genomic domains443,455. 

Although the presence of genomic interactions and enrichment for architectural factors such 

as CTCF may provide evidence of functional associations between gene promoters and their 

regulatory sequences, additional assays are required to confirm enhancer state and 
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functionality. For example, ChIP-Seq456 has been widely applied to identify histone 

modifications associated with enhancers, such as depletion of H3K4me3 and enrichment of 

H3K4me1 and/or H3K4me2, with H3K27ac differentiating active from poised or inactive 

enhancers (reviewed in Heinz et al.321). The technique can also be used to identify putative 

regulatory regions. For example, the presence of pioneer factors and the H2A.Z histone 

variant457 suggest chromatin remodelling and/or nucleosome repositioning which are 

typically indicative of regulatory regions458,459. The accessibility of chromatin has historically 

been measured using DNase I digestion, although newer methodologies such as ATAC-Seq 

have become more widely used in recent years460,461. Similarly, accessibility agents such as 

micrococcal nuclease (MNase) have been used to measure nucleosome occupancy at 

individual loci, or to generate genome wide maps, by sequencing of digested samples458,462. It 

is typically accepted that an integrative approach is required to thoroughly identify and 

understand the enhancer regulatory landscape across the genome, as has been conducted in a 

number of genome-wide studies. For example, a comprehensive study by Lara Astiaso et 

al.463 combined ChIP-Seq profiling of H3K27ac, H3K4me1/2 and H3K4me3 to identify 

enhancers throughout haematopoietic cell differentiation463. A similar integrative analysis 

comprising DNase-Seq, RNA-Seq and ChIP-Seq data for multiple histone marks examined 

the gain and loss of active enhancers in cell state transitions from HSCs to differentiated cell 

types, revealing that developmentally regulated genes may have constitutively accessible and 

active promoters across a lineage but possess cell type-specific enhancers316. 

Several large databases, such as ENCODE397, now incorporate multiple genome-wide 

datasets to facilitate the discovery of cell type-specific enhancer elements throughout the 

genome. Another valuable dataset has also been generated as part of the FANTOM5 project 

in which enhancers were mapped based on transcription of non-coding RNAs termed 

enhancer-originating RNAs (eRNAs)464,465. Although the functions of these eRNAs are 

largely unknown they are frequently expressed from active enhancers466,467 and are thought to 

promote transcription by establishing chromatin accessibility at defined genomic loci468. New 

tools such as GeneHancer will likely prove valuable for enhancer studies as it integrates 

genome-wide functional data from ENCODE and FANTOM5, together with genomic 

interaction frequencies measured by Hi-C469. 

Ultimately, such bioinformatic techniques provide evidence for enhancer sequences, but these 

sequences must still be tested using functional assays to validate their activity and target(s). 

Indeed, between 0.4 and 1.4 million enhancers have been predicted in the human genome 
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using a variety of methods, though only a fraction of these are likely to represent functional 

enhancers in a given cell type308. Functional assessment may be performed using traditional 

methods such as reporter assays470 and newer, more high-throughput methods such as 

massively parallel reporter assays (MPRA)471 and STARR-Seq472. Identification of functional 

elements is further limited by the fact that many enhancer interactions are transient and are 

often cell or tissue-specific454,473. The recent application of CRISPR to modify or delete 

enhancer sequences in vivo or to recruit co-activators such as p300 has made it possible to 

examine enhancer sequences in their correct genomic context and allow better understanding 

of enhancer function and the effects of enhancer perturbation474,475. For example, Puente et 

al.336 used high-throughput sequencing to identify an enhancer for the key B cell factor, 

PAX5. Subsequent deletion or mutation of this enhancer in B cell lines using CRISPR caused 

a significant decrease in PAX5 expression. More recently, methods which utilise CRISPR-

Cas9 for functional genome-wide enhancer screening and systematic mapping of functional 

enhancer-promoter connections have also been published476,477. 

The RCA gene cluster contains several genes that perform similar functions, and several of 

these are expressed in similar cell types. For example, the functionally and evolutionarily 

related CR1 and CR2 genes are both expressed on B cells, in which they are capable of 

modifying the process of B cell activation by B-cell receptor engagement. Furthermore, an 

SLE-associated SNP (rs1876453) within the first intron of CR2 has been associated with 

alterations in CR1 transcription290. This SNP was subsequently found to functionally alter 

binding of CTCF in an allele-specific manner. Considering the role of CTCF in genome 

organisation and looping, we hypothesised that this SNP may affect CR1 expression by 

modulating the frequency of interactions between CR1 and CR2 and shared regulatory 

sequences (such as enhancers). We therefore wanted to map genomic interaction frequencies 

from various CTCF-bound regions proximal to the CR1 and CR2 genes in B cells. In addition 

to determining whether the CR1 and CR2 genes co-associate, such methods will also prove 

useful for mapping the location of potential functional regions and TAD boundary positions. 

Subsequent interrogation of regions of interest, aided by enhancer prediction tools and 

functional datasets in haematopoietic cell types would help identify potentially functional cell 

type-specific enhancers and their dynamics. 
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Aims:  
1. Identify potential regulatory interactions between RCA cluster genes by 4C mapping 

and incorporation of functional enhancer datasets. 

2. Map genomic interactions with the CR2 intron 1 SNP using 4C in B-lymphoblastoid 

cell lines. 

3. Interrogate candidate enhancers for CR2 (and other RCA genes) in depth across a 

range of B and non-B cell types using chromatin immunoprecipitation, chromatin 

accessibility and luciferase assays. 
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4.2 Methods 

4.2.1) Circular Chromosome Conformation Capture (4C) 
For 4C analysis, B-lymphoblastoid cell lines (B-0028 and B-0056) were cultured to mid-log 

phase of growth (4 – 8 x 105 cells/mL). Cells were counted and 5 x 106 cells harvested by 

centrifugation at 300 g, 5 min at RT, the supernatant removed completely, and cells 

resuspended in 5 mL 1X PBS/10% FBS. For cross-linking, 5 mL of freshly prepared 4% 

formaldehyde (prepared using paraformaldehyde in 1X DPBS, pH adjusted to 6.9 and filter 

sterilised) was added to cells (final 2%) and incubated for 10 min at RT with gentle agitation. 

Cross-linking reactions were quenched after exactly 10 min by adding 1.425 mL 1M glycine 

(final 0.125 M), mixed gently by inversion, and placed on ice immediately. Fixed cells were 

pelleted by centrifugation at 300 g for 10 min at 4°C, the supernatant removed completely 

and cell pellets snap frozen in liquid nitrogen. Samples were subsequently sent to José Luis 

Gómez-Skarmeta (Centro Andaluz de Biología del Desarrollo, Spain) for 4C library 

preparation and processing. Mapping (hg19), data analysis and smoothing was performed in 

30 bp windows (final resolution). 

4.2.2) Analysis of 4C data and ENCODE datasets 
4C data were visualised by importing mapped data files into the UCSC Genome Browser 

(hg19 assembly). Data limits were set based on samples/viewpoints with the highest signal 

intensities (7000) so that all data could be seen. Identical bounds were set for all samples to 

prevent misinterpretation of data with low signal intensity. Additional tracks (UCSC Genes, 

Vertebrate Multiz Alignment & Conservation, ENCODE H3K4Me1, ENCODE H3K4Me3, 

ENCODE H3K27Ac, ENCODE DNase Clusters, ENCODE Txn Factor ChIP, ENCODE 

Histone Modification) were loaded through the UCSC Browser interface to provide 

information on sequence context of looping regions and additional regulatory information. 

Where possible, data for the GM12878 B-lymphoblastoid cell line were used as it represents 

a cell line highly similar to those profiled by 4C. However, information was still interrogated 

for non-B cell lines to assess whether particular regions were likely to comprise constitutive 

or cell type-specific regulatory features. Regions which demonstrated genomic interactions 

by 4C and correlated with enhancer features (DNase I HS, H3K27Ac, TF enrichment; 

especially EP300 and CTCF) were prioritised for further analyses. 
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4.2.3) Hi-C data analysis (published datasets) 
Publically available ENCODE Hi-C data for H1-ESC (stem cell), K562 (erythroid), and 

GM12878 (B lymphoid) human cell types were accessed using ‘The 3D Genome Browser’ 

(http://promoter.bx.psu.edu/hi-c/). Human data mapped using genome assembly hg19 were 

used due to ease of comparability to 4C data (also mapped to hg19). Dixon et al.478 data were 

used for H1-ESCs and Lieberman-Aiden et al.447 raw data for K562 and GM12878. As the 

only resolution available for H1-ESC was 40 kb, K562 and GM12878 data were visualised at 

25 kb interaction resolution for optimal comparability. A 3 Mb region (chr1:206,000,000 – 

209,000,000) encompassing the RCA gene cluster and approximately 1 Mb either side was 

used for analysis and comparison to 4C data. Higher resolution (5 kb) interactions around the 

CR2 locus were also compared in GM12878 and K562 cells using both raw and normalised 

data generated from Lieberman-Aiden et al.447. 

4.2.4) Analysis of candidate enhancers using FANTOM5 and GeneHancer 
The PrESSTO enhancer atlas tool (http://pressto.binf.ku.dk/) and SlideBase 

(http://slidebase.binf.ku.dk/) were used to assess whether any of the 4C interaction data 

correlated with transcribed enhancers profiled as part of the FANTOM5 project464. As 

enhancers rarely act over distances > 1 Mb, only transcribed enhancers within 1 Mb upstream 

and downstream of the CR2 gene were examined. Enhancer range limits were subsequently 

reduced even further to include only enhancers within the RCA TAD established from 4C 

and Hi-C data (hg19 range: chr1:207,222,835-207,971,835). Cell and tissue-type CAGE 

expression details and correlation with transcribed promoters within 500 kbp of enhancer loci 

were recorded and enhancers imported into the UCSC Genome Browser for visualisation. 

Identification of putative CR2 enhancers using GeneHancer469 was conducted by Jessica 

Cheng under the supervision of Joshua Clayton. The GeneHancer database ranked enhancers 

based on four distinct datasets: FANTOM5 ‘permissive enhancers’ from the Transcribed 

Enhancer Atlas464; Ensembl enhancers and promoters from the version 82 regulatory build479, 

based on enhancer annotations from ENCODE397 and Roadmap Epigenomics480 (e.g. DNase I 

HS, H3K27ac); ENCODE proximal and distal enhancer regions (46 datasets from the 

Zhiping Weng Lab397); and experimentally validated enhancers from the VISTA Enhancer 

Browser481. It also identified potential target genes using various methods including: 

expression quantitative trait loci (eQTLs) in candidate enhancer regions which associate with 

RNA-Seq data in primary tissues from the Genotype Tissue-Expression project (GTEx), 

http://promoter.bx.psu.edu/hi-c/
http://pressto.binf.ku.dk/
http://slidebase.binf.ku.dk/
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expression of transcription factors (TFs) predicted to bind the candidate enhancer region 

which strongly correlate with the expression of genes within 1 Mb, correlation of 

significantly co-expressed eRNAs and gene transcriptional start sites (TSS) within 500 kb of 

candidate target genes using FANTOM5 CAGE data, and genomic interactions with 

promoters using capture Hi-C (CHi-C) data482. Each enhancer prediction was given an 

“enhancer score” confidence score and a “gene-enhancer” targeting score based on a novel 

algorithm derived from the datasets described above. As of the most recent update (v4.5), 

GeneHancer now also merges dbSUPER data which annotates super-enhancers across 102 

human tissue types483.  

4.2.5) Enhancer cloning and luciferase assays 
Several candidate enhancer regions were selected for further analysis based on 4C data, 

ENCODE ChIP-Seq and the FANTOM5 transcribed enhancer database. As typical enhancer 

length is 200 bp – 1 kb, 400 bp – 800 bp candidate regions were selected for cloning and 

luciferase analysis. Target sequences were selected based on ENCODE enrichment of key 

enhancer (e.g. EP300, CBP, H3K27ac) or B cell-specific factors (e.g. EBF1, PAX5), as well 

as DNase I hypersensitivity data and were amplified by PCR. Primers were designed such 

that they contained 21 nucleotides of direct homology, 6 bp of restriction enzyme recognition 

sequence (KpnI or MluI) and several additional flanking nucleotides to assist in digestion of 

post-PCR fragments for cloning. PCR fragments were visualised on a 1.2 % agarose gel to 

confirm amplification and specificity and purified using a QIAquick PCR purification kit 

(QIAGEN, USA). Purified products were digested using KpnI and MluI in 1X NEBuffer 2.1 

for 1 h at 37°C and purified again using a QIAquick kit (QIAGEN, USA). The destination 

vector, pGL3-promoter (PGL3-P), was digested (3 µg) under the same conditions and run on 

a 1% agarose gel stained with SYBR Safe (Invitrogen, USA) at 1X final concentration. 

Digestion was confirmed by comparison to undigested vector DNA and gel slices extracted 

using a sterile scalpel on a Safe Imager (Invitrogen, USA) with broad blue excitation to 

minimise DNA damage. Extracted slices were weighed and dissolved in 3 volumes of Buffer 

QG (QIAGEN, USA) and incubated at 50°C for 2 h with occasional vortexing. DNA was 

subsequently purified using a QIAquick gel extraction kit (QIAGEN, USA) as per the 

manufacturer’s instructions.  

Digested insert DNA was ligated into pGL3-P KpnI/MluI sites upstream of the SV40 

promoter. Ligations were performed using T4 DNA ligase (NEB, USA) with a 5:1 molar 
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ratio of insert to vector. Reactions were incubated at 16°C overnight, heat inactivated at 65°C 

for 10 min and 5 µL transformed into 50 µL DH5α chemically competent E. coli as described 

previously (Section 2.3.5). Single colonies were mini-prepped, quantified and screened using 

restriction enzyme digest and sequencing and subsequently maxi-prepped to yield 

transfection-quality DNA (Sections 2.4.3 and 2.4.4). Constructs were transfected into cell 

lines as described in detail elsewhere (Section 6.2.5) and assayed using the Dual Luciferase 

Assay kit (Promega, USA) on a GloMax Explorer luminometer (Promega, USA) in a white 

96-well plate (Corning, USA). A total of 100 µL cleared lysate was used with 50 µL of each 

luciferase reagent and a single reading for Firefly and Renilla reactions were recorded using 

an integration time of 10 s. Primers used to amplify, clone and sequence putative enhancer 

sequences are presented in Table 4.1. 

4.2.6) qRT-PCR for quantification of RCA cluster genes 
Total RNA was isolated using a Norgen total RNA purification kit (Norgen Biotek, Canada) 

including DNase I treatment. Following quantification and gel electrophoresis, 1 µg RNA 

was reverse transcribed using SuperScript III VILO reverse transcriptase (Life Technologies, 

USA) as per manufacturer’s instructions. Samples were diluted 1:20 in UltraPure dH2O    

(Life Technologies, USA) and 2 µL used per 10 µL qPCR reaction. Final reactions comprised 

250 nM primers (forward and reverse) and 1X SYBR Green No-Rox (Bioline, Australia) and 

were run on a MIC qPCR magnetic induction cycler (BioMolecular Systems, Australia). 

Cycling conditions were as follows: 

Temperature Time Cycles 
95 °C 10 min 1 
95 °C 15 s 

35 55 – 60 °C 15 s 
72 °C 15 s 

 

Melt curves were conducted immediately following PCR, including a 95°C hold for 15s 

followed by gradual melting from 60°C to 95°C (0.3°C/s). Primers were designed as 

previously described (Section 2.5.2) and are listed in Table 4.2. Results were analysed by the 

comparative Ct method using ACTB and GAPDH as reference transcripts. Reaction 

efficiencies were derived from cycling information recorded by the MIC qPCR software. 
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Table 4.1) List of primers used for PCR and restriction cloning of candidate enhancer sequences. Restriction enzyme recognition sites are indicated in bold underline 
(KpnI: GGTACC, MluI: ACGCGT ). Additional nucleotides (3) were added to the 5’ ends of primers to ensure sufficient digestion of PCR products prior to cloning. 

Primer name Sequence (5’ - 3’) Tm (°C) Target  sequence (hg19 co-ords) Amplicon size 
CD55 Enh-1 665bp - FWD CGGGGTACCACCCTACCAACTCTTCAGAAA 72.9 chr1:207,510,376-207,511,040 683 bp 
CD55 Enh-1 665bp - REV GCGACGCGTTAAAACTACTACAGGAAACAG 68.9   
CD55 Enh-2 405bp - FWD CGGGGTACCAAGACCCCTTCTGCAGCTCAG 78.0 chr1:207,510,475-207,510,879 423 bp 
CD55 Enh-2 405bp - REV GCGACGCGTTTAGTATGAAAAACCCTGGCT 73.9   
CD55 Enh-3 500bp - FWD CGGGGTACCTCCATCAGTTCTTCAAAAACA 72.1 chr1:207,510,174-207,510,673 518 bp 
CD55 Enh-3 500bp - REV GCGACGCGTCTGTAATATGAGCAGAAGGGA 74.7   
CD55 Enh-4 734bp - FWD CGGGGTACCATCATTGTTTGAGTGCCTGCT 75.9 chr1:207,508,980-207,509,713 752 bp 
CD55 Enh-4 734bp - REV GCGACGCGTAATTATCTTTTGTGCTAATAC 66.9   
CD55 Enh-5 473bp - FWD CGGGGTACCGTTACCTGCTAGGCGTTTTAC 73.2 chr1:207,509,008-207,509,480 491 bp 
CD55 Enh-5 473bp - REV GCGACGCGTGATAACAAGTCAGGTGAAACT 73.4   
En324A-F - FWD CGGGGTACCACATTAGGTGGCTGGGAGAAC 71.2 chr1:207,506,599-207,511,294 4696 bp 
En324A-F - REV GCGACGCGTTGGTGCCACTGAGAACCTATC 72.3   
En324A-R - FWD  GCGACGCGTACATTAGGTGGCTGGGAGAAC 71.9 chr1:207,506,599-207,511,294 4696 bp 
En324A-R - REV CGGGGTACCTGGTGCCACTGAGAACCTATC 70.8   
En324B-F - FWD CGGGGTACCAGTGCGCATGGGCTATTTACC 72.0 chr1:207,508,673-207,511,120 2448 bp 
En324B-F - REV GCGACGCGTTGAACCAGACCCAGGACTCAG 73.0   
En324B-R - FWD GCGACGCGTAGTGCGCATGGGCTATTTACC 70.8 chr1:207,508,673-207,511,120 2448 bp 
En324B-R - REV CGGGGTACCTGAACCAGACCCAGGACTCAG 65.5   
En411-F - FWD CGGGGTACCAATCCTGGGCCAGTTGTGATG 71.8 chr1:207,584,994-207,588,836 3843 bp 
En411-F - REV GCGACGCGTACAGGCATGTGCCAAGTACAC 72.8   
En411-R - FWD GCGACGCGTAATCCTGGGCCAGTTGTGATG 72.5 chr1:207,584,994-207,588,836 3843 bp 
En411-R - REV CGGGGTACCACAGGCATGTGCCAAGTACAC 72.8   
En411-F2 - FWD CGGGGTACCTGAAGCCATCTCATCCCACAC 71.2 chr1:207,584,835-207,588,771 4002 bp 
En411-F2 - REV GCGACGCGTTTGCCTAGGCTGGTCTCAAAC 72.8   
En411-R2 - FWD GCGACGCGTTGAAGCCATCTCATCCCACAC 72.7 chr1:207,584,835-207,588,771 4002 bp 
En411-R2 - REV CGGGGTACCTTGCCTAGGCTGGTCTCAAAC 71.3   
RVprimer3 (Promega) CTAGCAAAATAGGCTGTCCC  N/A Sequencing 
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Table 4.2) Quantitative RT-PCR primers for positive control target genes (GAPDH, ACTB), negative controls (PAX7, SFTPA2, HBB, AFM), RCA genes (CR2, CR1, CD55, 
CD46, C4BPA, C4BPB), and B cell-specific genes (CD19, PAX5, EBF1). Canonical gene names are indicated along with the NCBI accession number of the transcript used for 
primer design. 

Primer name Sequence (5’-3’) Tm (°C) 
(IDT) Target transcript Amplicon 

size 
GAPDH cDNA JC1 - FWD ACATCGCTCAGACACCATG 61.8 GAPDH (NM_002046) 143 bp 
GAPDH cDNA JC1 - REV TGTAGTTGAGGTCAATGAAGGG 61.9   
ACTB cDNA JC1 - FWD ACCTTCTACAATGAGCTGCG 62.1 ACTB (NM_001101) 148 bp 
ACTB cDNA JC1 - REV CCTGGATAGCAACGTACATGG 62.3   
PAX7 cDNA JC1 - FWD GAGGATGAAGCGGACAAGAA 61.8 PAX7 (NM_002584) 133 bp 
PAX7 cDNA JC1 - REV TCAGTGGGAGGTCAGGTT 62.1   
SFTPA2 cDNA JC1 - FWD CTGGAGAAACACCATGTCCTC 62.2 SFTPA2  (NM_001098668) 149 bp 
SFTPA2 cDNA JC1 - REV GTGGAGTGTGGCTTGGAG 62.0   
HBB cDNA JC1 - FWD CTCGGTGCCTTTAGTGATGG 62.3 HBB (NM_000518) 137 bp 
HBB cDNA JC1 - REV ACACAGACCAGCACGTTG 62.2   
AFM cDNA JC1 - FWD CAACACAGAAAACCCTCCAG 60.8 AFM (NM_001133) 127 bp 
AFM cDNA JC1 - REV CAAACCATCCTTCCCCAAATTC 61.9   
RLT CR2-417 F TGCCTGTAAAACCAACTTCTC 61.0 CR2 (NM_001006658) 231 bp 
RLT CR2-635 R AGCAAGTAACCAGATTCACAG 58.0   
CR1 cDNA JC1 - FWD CAGGTGCAGACGTAAATCATG 61.2 CR1 (NM_000573) 137 bp 
CR1 cDNA JC1 - REV CAGACGAGGAACCAATGAGTC 62.1   
CD55 cDNA JC2 - FWD TGCAACCATCTCCTTCTCATG 62.2 CD55 (NM_000574) 135 bp 
CD55 cDNA JC2 - REV GGTGCTGGACAATAAATTTCTCTG 62.1   
CD46 cDNA JC1 - FWD TCAGTAGCAATTTGGAGCGG 62.4 CD46 (NM_002389) 150 bp 
CD46 cDNA JC1 - REV AGGTGCAGGATCACAACTATAAG 62.0   
C4BPA cDNA JC1 - FWD TTCTGGCTATGGTGTGGTTG 62.2 C4BPA (NM_000715) 147 bp 
C4BPA cDNA JC1 - REV TTTGGGAGACACTGCATGAG 62.1   
C4BPB cDNA JC1 - FWD ACGTTTGTATCAAGGGCTACC 62.2 C4BPB (NM_000716) 133 bp 
C4BPB cDNA JC1 - REV AACTCTCCATTCACCAGCAC 62.1   
CD19 cDNA JC1 - FWD TCTTCAAAGTGACGCCTCC 61.7 CD19 (NM_001770) 150 bp 
CD19 cDNA JC1 - REV TGCTCGGGTTTCCATAAGAC 61.9   
PAX5 cDNA JC1 - FWD CATCCTGGGCATCACGTC 62.1 PAX5 (NM_016734) 139 bp 
PAX5 cDNA JC1 - REV GAACAAGTCTCCCCGCATC 62.3   
EBF1 cDNA JC1 - FWD GGTTTCCAGAGGTTACAGAAGG 62.2 EBF1 (NM_024007) 114 bp 
EBF1 cDNA JC1 - REV CATCCCATACAGTGCTTCTACC 62.1   
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4.2.7) Chromatin accessibility by real-time PCR (ChART) assay – sample 

preparation using MNase (for nucleosomal occupancy) 
The ChART assay484,485 was used to examine chromatin accessibility at candidate enhancers 

and 4C interaction points across cell types. Micrococcal nuclease (MNase) quantity was first 

optimised (range: 0 to 1000 U) to ensure consistent and reproducible digestion across cell 

types (Appendix II). For final assays, cells were grown to mid-log phase of growth and          

2 x 106 cells per reaction (plus 10% excess) were harvested by centrifugation at 200 g for      

5 min at 4°C. Cell pellets were washed in 10 mL ice-cold 1X DPBS in a 15 mL Falcon and 

the supernatant aspirated completely. Where adherent cell lines were used an additional wash 

in 1X DPBS was included to ensure complete removal of residual trypsin-EDTA used for cell 

detachment. Pellets were resuspended in 1 mL fresh ice-cold NP-40 lysis buffer                  

(10 mM Tris-HCl pH8.0, 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40, 0.15 mM spermine,     

0.5 mM spermidine) per 1 x 107 cells, transferred to a 1.5 mL tube and incubated on ice for 

10 min with occasional mixing by inversion. Samples were vortexed vigorously for 10 s to 

lyse cells and nuclei pelleted by centrifugation at 1,800 g for 5 min at 4°C. The supernatant 

was removed completely and nuclei washed with 1 mL cold Digestion Buffer (without Ca2+) 

[10 mM Tris-HCl pH 8.0, 15 mM NaCl, 60 mM KCl, 0.15 mM spermine, 0.5 mM 

spermidine] using wide bore tips for resuspension to prevent disruption of nuclei. During 

centrifugation, MNase solutions were prepared by adding the appropriate amount of MNase 

per reaction (1000 U and 2000 U used for final assays; NEB, USA) to Digestion Buffer (with 

Ca2+ and Mg2+) [10 mM Tris-HCl pH 8.0, 15 mM NaCl, 60 mM KCl, 0.15 mM spermine,  

0.5 mM spermidine, 1 mM CaCl2, 6 mM MgCl2]. Washed nuclei were resuspended in 500 µL 

Digestion Buffer (with Ca2+ and Mg2+) per 1 x 107 cells (final 2 x 107 cells/mL). 100 µL 

aliquots (2 x 106 cells) were transferred to 1.5 mL DNA lo-bind tubes (Eppendorf, Germany) 

and incubated at 37°C in a waterbath for exactly 5 min. Prepared MNase solution aliquots 

and Digestion Buffer (with Ca2+ and Mg2+) were incubated concurrently and individual 

reactions staggered so that incubation times did not vary between samples. Following 

incubation, 100 µL warmed MNase solution (or warmed Digestion Buffer [with Ca2+ and 

Mg2+] for uncut samples) was added and samples incubated at 37°C in a waterbath for 

exactly 10 min. Reactions were stopped by adding 50 µL 5X Stop Solution (100 mM EDTA 

pH 8.0, 10 mM EGTA pH 8.0; final concentrations 20 mM EDTA, 2 mM EGTA), mixed by 

pipetting and cooled briefly on ice. For proteinase K-assisted lysis of nuclei, 25 µL 10% SDS 

was added to stopped reactions (1% final concentration) and nuclei disrupted by vortexing for 
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10 s. To remove unwanted RNA, 5 µL RNase A (10 mg/mL) was added (200 µg/mL final 

concentration) and incubated at 37°C for 30 min, then 5 µL Proteinase K (20 mg/mL; NEB, 

USA) added (400 µg/mL final concentration), mixed by vortexing for 5 s and reactions 

incubated at 56°C overnight (16 h) with shaking (600 rpm) in a Thermomixer to complete 

nuclei lysis. Samples were diluted by adding 115 µL sterile dH2O to reduce SDS 

concentration and subsequently purified using a QIAquick PCR purification kit (QIAGEN, 

USA). DNA was eluted in 50 µL Buffer EB, quantified by spectrophotometry, transferred to 

a DNA lo-bind tube and stored at –20°C. To verify digestion patterns of samples and to 

ensure consistency between replicates and cell types, 500 ng undigested (0 U MNase) and 1 

µg digested (+ MNase) samples were run on a 1.5% agarose gel.  

4.2.8) ChART assay using DNase I (for chromatin accessibility) 
ChART was also optimised using DNase I for general assessment of chromatin accessibility 

(Appendix II). Final assays were conducted following the same method outlined previously 

for MNase with slight modifications. Following lysis and washing, nuclei were resuspended 

in 2 mL Digestion Buffer (with Ca2+ and Mg2+) to a final density of 1 x 107
 cells/mL. 

Digestion reactions consisted of 200 µL cells (2 x 106) and 200 µL diluted DNase I (range:   

0 – 50 U) and were handled as described previously (Section 4.2.7). To stop digestion,       

100 µL of 5X Stop Solution was added (final 1X concentration) to adjust for the increased 

reaction volume. Subsequent volumes for Proteinase K-assisted lysis and purification were 

also scaled up as necessary.  

4.2.9) ChART-PCR reaction setup 
ChART-PCR reactions (10 µL) were prepared in MicroAmp Fast Optical 96-well reaction 

plates and comprised: 1X SYBR Green (Bioline, Australia), 250 nM primers, and 50 ng 

DNA. Quantitative PCR was conducted using a ViiA7 real-time thermocycler and data 

collected and assessed using QuantStudio V1.3 (Applied Biosystems). Standard reaction 

conditions (including melt curve) were as follows:  

Temperature Time Cycles 
95 °C 10 min 1 
95 °C 15 s 

40 60 °C 15 s 
72 °C 30 s 
95 °C 15 s 1 
60 – 95 °C 0.05°/s Melt 
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Accessibility levels were determined using the comparative Ct method for uncut vs digested 

samples and subsequently normalised to the SPA2-P control locus as defined in Cruickshank 

et al.462. Primers used for ChART-PCR are presented in Table 4.3. 

4.2.10) Chromatin immunoprecipitation (ChIP) 
The ChIP procedure was optimised for use with a Covaris ultrafocused sonicator for shearing 

of chromatin to ensure consistent and reproducible shearing and to minimise sample 

overheating and cross-contamination of samples. Further details can be found in Appendix 

III. For final assays, 4 x 107 cells in mid-log phase of growth (range: 0.2 – 1 x 106 cells/mL; 

optimal: 2 – 8 x 105 cells/mL) were harvested by centrifugation at 300 g for 5 min at RT. Cell 

pellets were washed in 12 mL 1X DPBS and resuspended in 12 mL 1X DPBS. To cross-link 

cells, 800 µL of 16% formaldehyde from single-use ampules was added (final 1% 

concentration) and cells incubated with gentle shaking/rotation for exactly 10 min. To quench 

the fixation, 675 µL 2.5 M glycine was added (final 0.125 M conc.) and mixed immediately 

by inversion. Samples were incubated for a further 5 min at RT with shaking before placing 

on ice. Cells were pelleted by centrifugation at 300 g for 10 min at 4°C and the supernatant 

aspirated completely. Pellets were washed twice with 10 mL ice-cold 1X DPBS, snap frozen 

in liquid nitrogen and stored at –80°C. To harvest nuclei, cross-linked cells were thawed on 

ice and resuspended in 4 mL (1 mL per 1 x 107 cells) freshly prepared NP-40 Lysis Buffer 

(20 mM Tris-HCl pH 8.0, 85 mM KCl, 0.5% NP-40) with added Protease Inhibitor Cocktail 

(PIC) and incubated on ice for 15 min. Nuclei were pelleted by centrifugation at 1800 g for   

5 min at 4°C, the supernatant removed, and the sides of the tube rinsed very gently by slowly 

dispensing 1 mL 0.4% SDS shearing buffer (0.4% SDS, 2 mM EDTA pH 8.0, 20 mM Tris-

HCl pH 8.0 + PIC) down the inside of the tube and rotating so as not to disturb the pellet. 

Nuclei were centrifuged at 1800 g for 5 min at 4°C and the supernatant removed without 

disturbing the pellet. Nuclei pellets were resuspended in 2 mL shearing buffer (+ PIC) to a 

density of 2 x 107 cell equivalents/mL (acceptable range 1 – 3 x 107 cells/mL). 

For sonication of chromatin, 1 mL nuclei in Shearing Buffer were added to TC12x12 AFA 

tubes (Covaris, USA) and sonicated for 7 min with a total energy input of  approximately 7W 

on a Covaris S2 ultrafocused acoustic sonicator running SonoLab 7.1 (Covaris, USA). Exact 

sonication conditions were as follows; duty cycle: 5%, intensity: 4, cycles per burst: 200, 

water level: 8, bath temperature: 7°C, power mode: frequency sweeping, degassing mode: 

continuous.   
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Table 4.3) ChART-PCR primers for promoter and enhancer loci. The position relative to the transcriptional start site of each gene is provided for promoter amplicons. 

Primer name Sequence (5’-3’) Tm (°C) 
(Primer3) 

Target sequence 
(hg19 co-ords) 

Position 
relative to 

TSS 
Amplicon 

size 

SPA2-P MC - FWD CTAAGTATTCCTCCAGCCTGAGTGTTC 63.8 chr10:81320174-81320325 -11 (SFTPA2) 152 bp 
SPA2-P MC - REV GGTGGACAACAGCATTTATAGCATG 63.8  -162 (SFTPA2)  
PAX7-P MC - FWD CCGAACCTATCAGATCGCGCTCAC 70.0 chr1:18957272-18957436 -826 (PAX7) 165 bp 
PAX7-P MC - REV CTGGACGGAGGAGACAGGGGGTGAC 73.8  -662 (PAX7)  
HBB-P JC1 - FWD CCACAGGGTGAGGTCTAAGTG 59.6 chr11:5248397-5248596 -96 (HBB) 200 bp 
HBB-P JC1 - REV TGCTTACCAAGCTGTGATTCC 60.3  -295 (HBB)  
GAPDH-P MC - FWD CACGCTCGGTGCGTGCCCAGTTG 77.6 chr12:6643467-6643616 -532 (GAPDH) 150 bp 
GAPDH-P MC - REV CCGCCTCCCGCCAGGCTCAGCC 80.0  -383 (GAPDH)  
CR2-P JC1 - FWD TAGCTTTGAGGGACCACTGC 60.4 chr1:207627951-207628146 +307 (CR2) 196 bp 
CR2-P JC1 - REV GATGAGCACCTGCAGAATCC 60.8  +502 (CR2)  
PAX5 En Puente 2015 - FWD CTGGTGTGGTTGTGATGAGG 60.0 chr9:37371195-37371397 N/A 203 bp 
PAX5 En Puente 2015 - REV AGCTGGAAGACCCAGTTCAG 59.5  N/A  
CD55-En1 In7 JC1 - FWD TTTCCCTTAATCCTTCCTCAA 57.8 chr1:207509200-207509405 N/A 206 bp 
CD55-En1 In7 JC1 - REV AGTCTTCAGAGCCCAACTGC 59.6  N/A  
CD55 In7-8 EP300 JC1 - FWD TTACGCAGAGTCCTTCAGCA 59.7 chr1:207510572-207510762 N/A 191 bp 
CD55 In7-8 EP300 JC1 - REV CAACTGACCTGAAGTGGTTCC 59.6  N/A  
CD55-PrESSTO-sh JC2 - FWD GCTTAGAAGGGTTAGGGACTTG 58.5 chr1:207509278-207509427 N/A 150 bp 
CD55-PrESSTO-sh JC2 - REV CTAACAGCAGAGCAACTTTTTCAG 59.8  N/A  
CR2-En411 JC1 - FWD AGCCCTTGGGTCCACAAAAG 60.5 chr1:207587958-207588166 N/A 209 bp 
CR2-En411 JC1 - REV TTGGTGGTGGTAGGTCTTGC 59.9  N/A  
CR2-En411 JC2 - FWD ACCACACGTGAGACATGAGAC 60.0 chr1:207588045-207588220 N/A 176 bp 
CR2-En411 JC2 - REV GGGGTTGAGAGACAGGCTTG 60.3  N/A  
CR2-En411-C1 JC1 - FWD CGATGAAGCAGCAAAGAAGC 58.1 chr1:207585588-207585768 N/A 181 bp 
CR2-En411-C1 JC1 - REV TCATTCTACCAAGGGCCCAG 59.1  N/A  
CR2-En411-C1 JC2 - FWD AAAGTCCCATGCAACACTGG 58.7 chr1:207585492-207585670 N/A 179 bp 
CR2-En411-C1 JC2 - REV AGCAAGGTTCAGAGATGTGC 58.2  N/A  
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Sonication was repeated using a further 1 mL of sample and the total 2 mL sonicated 

chromatin transferred to a pre-chilled 2 mL DNA lo-bind tube on ice. Insoluble material (e.g. 

lipids) were pelleted by centrifugation at 16,000 g for 10 min at 4°C and the supernatant 

(chromatin) transferred to a fresh 2 mL DNA lo-bind tube. Sheared chromatin was stored for 

up to 24 h at 4°C to avoid freeze-thawing as this can reduce immunoprecipitation (IP) 

efficiency and assay reproducibility according to Diagenode. Chromatin (25 µg per IP) was 

subsequently diluted 1:4 (final 0.1% SDS) using 1:4 IP dilution buffer (2 mM EDTA pH 8.0, 

20 mM Tris-HCl pH 8.0, 200 mM NaCl, 1.33% Triton X-100 +  PIC) [final 2 mM EDTA,  

20 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 0.1% SDS] and the final volume adjusted 

to 1.2 mL per IP using IP dilution buffer (2 mM EDTA pH 8.0, 20 mM Tris-HCl pH 8.0,   

150 mM NaCl, 1% Triton X-100, 0.1% SDS + PIC). For pre-clearing of chromatin, 60 µL 

Protein A agarose bead slurry (Merck-Millipore, USA) was added per IP and incubated at 

4°C for 1 h with rotation. Agarose beads were pelleted by centrifugation at 3000 g for 1 min 

at 4°C and 10% input (120 µL) and 1% input (12 µL) aliquots of pre-cleared chromatin 

(supernatant) removed and stored at 4°C in DNA lo-bind tubes until required. The remaining 

chromatin was aliquoted into 1.5 mL DNA lo-bind tubes (1.2 mL per IP). 

For each IP, between 1 – 10 µg antibody was added (per 25 µg chromatin) and incubated at 

4°C overnight with rotation. For each assay, an IgG control reaction was also prepared using 

an equivalent antibody quantity, as well as a sample with no antibody added (No Ab control). 

For immunoprecipitation, 60 µL Protein A agarose bead slurry was added to each tube using 

wide bore tips and incubated for 1.5 hr at 4°C with rotation to collect antibody/antigen/DNA 

complexes. Agarose bead complexes were pelleted by centrifugation at 3000 g for 1 min at 

4°C and the supernatant removed carefully. Beads were washed sequentially as follows: 

twice in low salt buffer (2 mM EDTA pH 8.0, 20 mM Tris-HCl pH 8.0, 1% Triton X-100, 

0.1% SDS, 150 mM NaCl), once in high salt buffer (2 mM EDTA pH 8.0, 20 mM Tris-HCl 

pH 8.0, 1% Triton X-100, 0.1% SDS, 500 mM NaCl), once in LiCl wash buffer (1 mM 

EDTA pH 8.0, 10 mM Tris-HCl pH 8.0, 1% NP-40, 1% sodium deoxycholate, 250 mM 

LiCl), and twice in TE Buffer (1 mM EDTA pH 8.0, 10 mM Tris-HCl pH 8.0). For each 

wash step, 1 mL of pre-chilled wash buffer was used, followed by centrifugation at 3000 g 

for 1 min at 4°C to collect bead complexes. During the final wash, fresh ChIP elution buffer 

(100 mM NaHCO3, 1% SDS) was prepared and filter sterilised. After the final wash, the 

supernatant was removed entirely, 250 µL elution buffer added, samples mixed gently by 

flicking, and incubated at RT for 15 min with rotation. Agarose was pelleted by 
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centrifugation at 3000 g for 1 min at room temperature and the supernatant carefully 

transferred to a fresh 1.5 mL DNA lo-bind tube. Elution was repeated with a further 250 µL 

elution buffer and the eluates combined (500 µL total). Input samples taken previously (10% 

and 1%) were diluted to 500 µL in elution buffer and 25 µL 4 M NaCl added to all tubes (to 

0.2 M). Samples were incubated at 65°C overnight in a Thermomixer (Eppendorf, Germany) 

with shaking (600 rpm) to reverse cross-links. Samples were subsequently treated by adding 

1 µL RNase A (10 mg/mL; Thermo Fisher, USA) and incubated for 30 min at 37°C. Finally, 

10 µL 0.5 M EDTA, pH 8.0 and 20 µL Tris-HCl, pH 6.5 and 1 µL Proteinase K (20 mg/mL; 

NEB, USA) were added and samples incubated at 45°C for 1 h in a water bath. For 

purification, IP reactions were diluted 1:5 in QIAGEN Buffer PB with added sodium acetate 

(10 µL 3 M NaAc per 1 mL Buffer PB) and purified using a QIAquick PCR purification kit 

(QIAGEN, USA) as per the manufacturer’s instructions. Final samples were eluted in 50 µL 

Buffer EB, transferred to 1.5 mL DNA lo-bind tubes and stored at 4°C (short term) or –20°C 

(long-term). Freeze-thaw cycles were kept to a minimum. 

4.2.11) ChIP-PCR reaction setup and data analysis 
Quantitative PCR reactions (10 µL) were set up using 250 nM primers (forward and reverse) 

and 1X SYBR Green No-Rox (Bioline, Australia) and 2 µL neat ChIP DNA sample (from   

50 µL eluate). Samples were run on a MIC qPCR magnetic induction cycler (BioMolecular 

Systems, Australia). Cycling conditions were as follows: 

Temperature Time Cycles 
95 °C 10 min 1 
95 °C 15 s 

40 55 – 60 °C 15 s 
72 °C 15 s 

Melt curves were conducted immediately following PCR, including a 95°C hold for 15s 

followed by gradual melting from 60°C to 95°C (0.3°C/s). Cycling thresholds and 

efficiencies were calculated automatically by the MIC qPCR software (v2.6.0). Enrichment 

of TFs or histone modifications at target loci were assessed using the traditional percent input 

and fold enrichment methods by comparing to Ct values for the 1% input or mock (IgG) 

samples, respectively. As calculations for fold enrichment were significantly impacted by 

even small variations in IgG enrichment values (typically very low), the percentage input 

method was used for final interpretation of results. This resulted in more consistent data for 

comparing between replicates and different cell types. ChIP-PCR primers were designed to 

keep amplicon sizes relatively small (~80 – 120 bp) due to the expected input fragment size 

range and to enhance IP specificity. A full list of primers may be found in Table 4.4.
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Table 4.4) List of ChIP-PCR primers used for optimisation and final assays. Target protein and/or histone modifications are indicated. Targets are additionally annotated 
based on whether they represent positive or negative controls or loci of unknown enrichment (test). 

Primer name Sequence (5’-3’) Tm
 (°C) Target factor Target sequence 

(hg19 co-ords) 
Amplicon 

size 
hsAFM intron 1 abcam - F1 GCAGAACCTAGTTCCTCCTTCAAC 61.8 Negative control chr4:74,347,986-74,348,074 89 bp 
hsAFM intron 1 abcam - R1 AGTCATCCCTTCCTACAGACTGAGA 61.8    
H19 ICR CTCF JC1 - FWD GGACGTTTCTGTGGGTGAAC 60.4 CTCF (positive) chr11:2,024,189-2,024,295 107 bp 
H19 ICR CTCF JC1 - REV CAGAATCGGCTGTACGTGTG 60.3    
4C VP1 CTCF JC1 - FWD AGGCCATTGTCACACTGAAAC 60 CTCF (test) chr1:207,578,495-207,578,581 87 bp 
4C VP1 CTCF JC1 - REV GTGGTGACCCTGATGATGTG 59.8    
4C VP2 CTCF JC1 - FWD TAGCTTTGAGGGACCACTGC 60.4 CTCF (test) chr1:207,627,951-207,628,032 82 bp 
4C VP2 CTCF JC1 - REV AATTCTGGAGGTCCCAGCTC 60.6    
4C VP3 CTCF JC1 - FWD TTCATCCACAACAGCAGAGC 60 CTCF (test) chr1:207,672,907-207,673,007 101 bp 
4C VP3 CTCF JC1 - REV TGCCTGGTAAAGCTTAATTCG 59.4    
4C VP4 CTCF JC1 - FWD ACCACTGAGCTGGGAAGATG 60.3 CTCF (test) chr1:207,752,692-207,752,796 105 bp 
4C VP4 CTCF JC1 - REV TTTTGGTCAGCAGGATTGTG 59.7    
MYT1 ChIP JC1 - FWD AGCCCGCTCTTTATGATGG 60.2 Histone H3 (positive) chr20:62,795,383-62,795,493 111 bp 
MYT1 ChIP JC1 - REV ATAGCAGCAACCGGAATGAC 60.1    
PAX5-En H3K27ac JC1 - FWD AGTCACTGTTGTCTTGGAGG 57.1 H3K27ac (test) chr9:37,370,861-37,370,961 101 bp 
PAX5-En H3K27ac JC1 - REV GTATGGGATGCGAGGCTCTC 60.0    
En411 C3 H3K27ac JC1 - FWD GCAGCACATAAGGGTTCCAG 58.9 H3K27ac (test) chr1:207,587,778-207,587,897 90 bp 
En411 C3 H3K27ac JC1 - REV GCAGGGCAGAAGAAGGAATG 58.9    
CD55-En ChIP JC2 - FWD TCTTGCTTCAGGGACAGACAC 59.9 H3K27ac/CTCF (test) chr1:207,509,157-207,509,304 148 bp 
CD55-En ChIP JC2 - REV TCTAGCAAGTCCCTAACCCTTC 58.9    
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4.3 Results 

4.3.1) Hi-C data suggest that the RCA genes all reside within a single 

topologically associated domain 
To test our hypothesis that RCA genes may be positioned within a single genomic TAD we 

used Hi-C profiles generated by Lieberman et al.447 for the B-lymphoblastoid cell line, 

GM12878. Despite the limited resolution (25 kb), Hi-C data were able to broadly define 

several topological domains within the broad region extending ~1 Mb either side of the RCA 

boundary genes (PFKBF2 and CD46) [Figure 4.1]. Interactions with cytokine genes (e.g. 

IL10, IL20) further upstream of PFKFB2 were rare, despite the fact that these genes 

interacted with one another with high frequency (Figure 4.1). However, interaction 

frequencies were not purely limited by distance as the data indicated interactions between the 

CR1/CR2 and C4BPA/B genes despite being approximately 350 kb away. Towards the 3’ end 

of the RCA cluster, interactions between CD46 and CR1L were detected, although neither of 

these genes appeared to interact with other RCA cluster genes with appreciable frequency 

(Figure 4.1). Despite this, TAD annotation still grouped CD46 and CR1L within the same 

domain as the remainder of the RCA genes (Figure 4.1).  

Hi-C profiles were also examined for several other non-B cell lines, including human 

embryonic stem cells (H1-hESC) and the erythroid cell line, K562 (data not shown). 

Interestingly, the frequency of interactions across the RCA cluster and surrounding regions 

seemed to be highest in GM12878 cells based on heat map intensity, however variability 

between dataset scales limited such comparisons. In general a large number of contact points 

across the region seemed to correlate well across all cell types, implying the existence of 

many constitutive interactions. The TAD profile in H1-hESC differed from other cell types 

such that the RCA cluster genes were grouped within the same domain as the adjacent (5’) 

cytokine gene cluster. However, it is unclear if this is a true representation of TAD 

organisation within ESCs or a reflection of the reduced power of TAD designation due to the 

lower resolution of this dataset (40 kb). 



  

 
 

95 

 

Figure 4.1) Hi-C data from B cells suggest the RCA genes are constrained within a single topologically associated domain (TAD). Hi-C interaction profile from “The 3D 
Genome Browser” (http://promoter.bx.psu.edu/hi-c/) for the B-lymphoblastoid cell line GM12878 across a 3 Mb region (chr1: 206,000,000 – 209,000,000). Each small 
coloured square on the heat map represents the interaction frequency between two genomic loci (at 25 kb resolution). Darker points represent higher interaction 
frequencies (scale on upper left of heat map). Algorithmically assigned TADs are annotated below Hi-C data (alternating blue and yellow blocks) and the position of RefSeq 
genes indicated underneath. Genes encoded on the forward strand are indicated in black and genes encoded on the reverse strand in blue. The extent of the RCA gene 
cluster is indicated by a red arrow. 

http://promoter.bx.psu.edu/hi-c/
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4.3.2) 4C analysis across the RCA gene cluster revealed similar interaction 

profiles from various CTCF-bound viewpoints 
Our data previously showed that a SNP within the first intron of CR2 (rs1876453) affects 

CTCF binding in an allele-specific manner290. To extend these findings we performed 4C 

analysis to determine whether the SNP affects genomic interactions with CR1 and/or other 

loci in an allele-specific manner. We performed 4C from four different CTCF-bound loci 

(herein referred to as ‘viewpoints’) located within or near our genes of interest, CR1 and 

CR2. Viewpoint 1 (VP1) was located around 50 kb upstream of CR2. Viewpoint 2 (VP2) was 

located within the promoter/exon 1/intron 1 region of CR2 overlapping the rs1876453 SNP. 

Viewpoint 3 was within the first intron of CR1 (3 kb from the TSS). The final viewpoint 

(VP4) was within intron 29 of CR1 (transcript variant S). Interaction frequencies of genomic 

sequences with each of these viewpoints were mapped by sequencing in two                         

B-lymphoblastoid cell lines homozygous for the rs1876453 major allele (B-0028, GG) 

[Figure 4.2] or minor allele (B-0056, AA) to assess potential genotype-specific differences in 

genomic looping. No genotype-specific differences in interaction profiles could be detected 

between the two cell lines (data not shown). However, maximum interaction frequencies 

from the CR2 viewpoint were approximately 1.5-fold higher in B-0056/AA (e.g. max peak 

height = 9469.17 compared to 6554.33 in B-0028/GG). In contrast, maximum interaction 

frequencies were much more comparable from other viewpoints (unrelated to SNP)        

[VP1: B-0056/AA = 3594.97, B-0028/GG = 3539.5; VP3: B-0056/AA = 2531.6,                  

B-0028/GG = 2799.0; VP4: B-0056/AA = 2032.53, B-0028/GG = 1876.3]. Collectively, 

these data may therefore imply a higher interaction frequency from the SNP viewpoint in the 

presence of the minor allele (A). 

This study also aimed to map genomic interactions across the RCA gene cluster in human B 

cells to define interacting genes and potential regulatory regions. Interestingly, interaction 

profiles from each of the first three viewpoints were highly similar, with interactions 

extending as far upstream as the C4BPB/C4BPA genes (around 350 kb away) (Figure 4.2). 

These interaction peaks aligned with CTCF-enriched peaks and epigenetic modifications 

mapped in an analogous B-lymphoblastoid cell line (GM12878) via ChIP-Seq (Figure 4.2). 

Similar correlations were observed at a 4C peak within the CD55 gene, which was highly 

enriched for epigenetic marks characteristic of active enhancers including: TF binding, 

DNase I hypersensitivity (HS), H3K4me1, and H3K27ac (Figure 4.2, blue highlight). 

Viewpoints 2 and 3 (CR2 intron 1 and CR1 intron 1) appeared to interact with CTCF 
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Figure 4.2) 4C interaction profiles from four CTCF-bound viewpoints near the CR2 and CR1 genes imply looping between RCA genes and potential regulatory regions. (A) 
RefSeq genes track: RCA genes are labelled in blue, CR2 (gene of interest) in red, and non-RCA genes in purple. (B) 4C data from four viewpoints (VP) in the B-
lymphoblastoid cell line B-0028/GG – VP1 (green), 50 kb upstream of CR2; VP2 (blue), overlapping the CR2 promoter; VP3 (black), within the first intron of CR1 (+3 kb); and 
VP4 (brown), within intron 29 (labelled from the S isoform). Peaks indicate the location of interactions from the respective viewpoints at 30 bp resolution, with peak height 
representing the relative frequency (signal) of each interaction. VP2 data range was up to 7000 but has been limited to 3500 for better comparison to other viewpoints.  
Transcribed FANTOM5 enhancers within 1 Mb of CR2 are indicated underneath VP3 data (red). TAD borders (yellow) constraining RCA genes are indicated as based on 4C 
and Hi-C data. (C) ENCODE data for the analogous B lymphoblastoid cell line, GM12878. DNase I hypersensitivity sequencing peaks and ChIP-Seq data for CTCF, H3K4me1, 
H3K27ac and multiple TFs (bottom) are shown. The 100 Vert. Cons. Track represents sequence conservation across 100 vertebrate species. 
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viewpoint 1 (upstream of CR2) with relatively high frequency. Although this site did not 

directly overlap any notable epigenetic modifications in B cells, an extensive region around  

6 kb downstream of this site was enriched for H3K4me1, H3K27ac and TF binding      

(Figure 4.2). Furthermore, these enriched regions seemed to interact with the CR2 viewpoint 

(VP2) with very high frequency, implying a potential functional association. This CR2 

viewpoint also appeared to be involved in interactions within the gene body itself and the 

CR1 promoter region (Figure 4.2, Viewpoint 2).  

The final viewpoint (VP4), located at an epigenetically unremarkable genomic region within 

the CR1 gene body, generated an interaction profile which was distinct from each of the other 

viewpoints (Figure 4.2, Viewpoint 4). Very few interactions were detected with sequences 

upstream (5’) of this site. In fact, the interactions appeared to be highest near the viewpoint 

itself and gradually taper off, suggesting these interactions may simply be a function of 

genomic proximity to this site rather than functional associations. These data may also imply 

the presence of an additional TAD within the previously defined Hi-C boundaries. We did 

observe a lack of sequencing data within CR1 intron 8 to 20 from each of our viewpoints 

which may indicate the position of an intragenic boundary. This region showed a similar 

pattern in Hi-C data, but seems to show a complete lack of data within this region and may 

therefore imply inherent difficulties associated with genomic mapping of this region. 

Overall, the 4C data were highly comparable to previously analysed Hi-C data from B cells. 

Therefore, together with CTCF ChIP-Seq data, an approximately 750 kb TAD containing the 

entire RCA cluster was defined from constitutive CTCF sites bounding the PFKFB2 and 

CD46 genes (chr1:207,222,835-207,971,835) [Figure 4.2, yellow highlight]. Notably, 

sequence conservation was quite high at defined TAD borders – even more so than many 

RCA coding sequences (Figure 4.2, 100 Vert. Cons track). These data were also important for 

delineating potential regulatory regions affecting the CR2 and/or CR1 genes via spatial co-

association. 

4.3.3) ChIP-PCR indicated comparable levels of CTCF enrichment across 

various B and non-B cell lines for all 4C viewpoints except VP2 
ChIP assays were conducted on both B-0028/GG and B-0056/AA B-lymphoblastoid lines to 

validate CTCF binding to viewpoints examined by 4C. A small panel of B cell lines at 

various stages of maturity were also analysed, including: pre-B (Reh), mature B (Raji), and 

terminally differentiated plasma cells (SKW). A non-haematopoietic (liver) cell line was also 
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included to distinguish constitutive CTCF sites from those that exhibit differential enrichment 

depending on cell lineage or differentiation state. Analyses revealed highly comparable levels 

of CTCF enrichment across all cell types at 4C viewpoints 1 and 3 (Figure 4.3 A/C). 

Accordingly, neither of these datasets were significantly different by one-way ANOVA        

(p = 0.5050 and p = 0.2020, respectively). Additionally, none of the individual pairs of cell 

types differed by unpaired t-test except for at VP3 for which SKW was significantly different 

(~1.5-fold) from both B-0028/GG (p = 0.0146) and B-0056/AA (p = 0.0168). Similarly, very 

few sample pairs demonstrated any significant differences at VP4 (only Raji vs B-0028/GG, 

p = 0.0408). When comparing average enrichment (across all cell types) between each 

viewpoint, levels were only significantly different between VP1 and VP4 (p = 0.0343). 

In contrast to these loci, VP2 showed highly variable patterns of CTCF occupancy with 

lowest levels of enrichment in the CR2 and CR1 non-expressing cell types SKW (0.011 ± 

0.001), Reh (0.058 ± 0.011), and HepG2 (0.1380 ± 0.019) [Figure 4.3 B]. Examination of this 

dataset by one-way ANOVA indeed confirmed exceptional differences between sample 

groups (p = 0.0002). Levels in B-lymphoblastoid cell lines B-0028/GG and B-0056/AA and 

the mature B cell line Raji were ~4 to 6-fold higher than in Reh (p = 0.0014, p = 0.0269, and 

p = 0.0043, respectively) and these differences were even more prominent (~25 to 40-fold) 

when compared to SKW (p = 0.0004, p = 0.0172, and p = 0.0025) [Figure 4.3 B]. 

Interestingly, CTCF enrichment above background was also detected in the non-

haematopoietic cell line, HepG2 (0.1380 ± 0.019) although levels were still 2 to 3-fold less 

than in mature B cell lines (Figure 4.3 B). 

4.3.4) The FANTOM5 transcribed enhancer database identified several 

potential enhancers enriched in B cells and other haematopoietic cell types 
A total of 48 transcribed enhancers (based on eRNA CAGE tags) were identified within 1 Mb 

upstream and downstream of CR2 using the FANTOM5 enhancer database. The list of 

potential enhancers for CR2, CR1, and other RCA genes was reduced to 10 upon restriction 

of search parameters to within the RCA cluster genomic bounds defined from 4C and Hi-C 

data (chr1:207,222,835-207,971,835). Each of these enhancers were subsequently named 

based on their position relative to RCA cluster genes (i.e. upstream or intragenic) [Table 4.5]. 

Variable patterns of cellular enrichment were observed across this set of enhancers, including 

haematopoietic cell types such as neutrophils, monocytes and B lymphocytes and non-

haematopoietic cell types such as neuronal cells and epithelial cells.  
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Figure 4.3) Chromatin immunoprecipitation assays indicate constitutive CTCF enrichment at 4C viewpoints 1, 
3 and 4 but variable binding to CR2 viewpoint 2 across B-lineage cell lines. ChIP data for CTCF at each of the 
4C viewpoints; VP1 (A), VP2 (B), VP3 (C), and VP4 (D) in various B-lineage (Reh, B-0028, B-0056, Raji, SKW) and 
non-B cell lines (HepG2). Enrichment for the control antibody (IgG; black) and CTCF (grey) were calculated 
using the percent input method. IgG levels were much lower than CTCF at each locus and therefore cannot be 
easily seen on graphs (average ~ 0.005% input). Data indicate mean enrichment (% input) ± SEM for n = 3 
biological replicates. 
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Table 4.5) List of transcribed FANTOM5 enhancer loci within defined RCA cluster TAD. Enhancers have been labelled 
relative to nearby RCA genes; either upstream (U) or intragenic (I). Items in bold highlight cell types and genes 
relevant to CR1 and/or CR2 regulation in B cells. Cell types marked with an asterisk indicate the enhancer was over-
represented (i.e. expressed more than expected) in this cell type. Shaded cells indicate enhancers that are expressed 
in B cells and exhibit expression patterns correlating with CR1 and/or CR2 promoter expression. 

Enhancer ID 
(location) 

FANTOM5 
enhancer 

(hg19 co-ords) 
FANTOM5 CAGE cell 
types [% expression] 

Correlated promoters 
within 500 kbp 

(FDR < 10-5) 

#SNPs 
within 
200 bp 

Upstream 
CD55 

chr1:207,413,364-
207,413,503 

Neuronal cells 
Epithelial cells* PFKFB2 5 

Upstream 
CD55 

chr1:207,414,217-
207,414,394 

Epithelial cells 
Monocytes 
T lymphocytes 

None 16 

U-CD55 chr1:207,489,914-
207,490,291 

Neuronal cells [57.9%] 
Neutrophils [32.6%] 
B lymphocytes [8%] 

CD55, CR1, CD46 8 

I-CD55 chr1:207,509,006- 
207,509,478 

Neutrophils* [44.6%] 
Basophils* [31.1%] 
Monocytes* [13.8%] 
B lymphocytes* [4%] 
Dendritic cells* [2.7%] 
NK cells [1.9%] 

C4BPA, CD55, CR1, 
CD46 8 

U-CR2-A chr1:207,581,369-
207,581,474 

Neutrophils* [49.8%] 
Neuronal cells [35%] 
Epithelial cells [7.7%] 
Monocytes [5.6%] 

C4BPA, CD55, CR1, 
CD46, C1orf132 5 

U-CR2-B chr1:207,585,605-
207,585,767 

B lymphocytes [43.2%] 
Basophils [10.4%] 
NK cells [10.1%] 
Reticulocytes [8.7%] 
Monocytes [8.7%] 
Epithelial cells [8.5%] 
Mast cells [4.5%] 
Dendritic cells [3.1%] 

FAIM3, PIGR, CD55, 
CR2, C1orf132 5 

U-CR2-C chr1:207,598,053-
207,598,267 

Trabecular cells [75.8%] 
Dendritic cells [10.8%] 
Epithelial cells [8.5%] 

None 8 

I-CR1 chr1:207,671,434-
207,671,825 

Neutrophils* [82.4%] 
Monocytes [9.2%] 
Basophils [4.1%] 
Neuronal stem cells [3.4%] 
Dendritic cells [1%] 

C4BPA, CD55, CR1, 
CD46, C1orf132 113 

I-CR1L-A chr1:207,821,800-
207,821,952 

Reticulocyte* [77.6%] 
Neuronal stem cell [17.8%] 
Cardiac fibroblast [2.6%] 
Mast cell [1.1%] 

CR1L, CR1 16 

I-CR1L-B chr1:207,823,430-
207,823,599 

Reticulocyte* [97.2%] 
Hepatocyte [1.9%] CR1L, CD55, CR1 5 
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Three of the potential enhancers: U-CD55, I-CD55, and U-CR2-B, were enriched in B cells 

although only I-CD55 was over-represented in this cell type. Expression of this enhancer was, 

however, higher in three alternative haematopoietic lineages: neutrophils (44.6%), basophils 

(31.1%), and monocytes (13.8%). Although expression data for this enhancer did not correlate with 

CR2 promoter expression by CAGE, promoters for other RCA cluster genes were correlated, 

including: C4BPA, CD55, CR1, and CD46. Furthermore, this enhancer mapped within one of the 

most prominent 4C interaction peaks from each of viewpoints 1-3, and contained predominantly B 

cell-specific epigenetic enhancer marks (Figure 4.4, I-CD55). 

An enhancer upstream of CD55, U-CD55, was also enriched in B cells (8%), but was, like I-CD55, 

higher in non-B cell types such as neuronal cells (57.9%) and neutrophils (32.6%). However, 

enrichment was observed in tissue types with little relevance to immune cell function, including: 

heart, eye and brain. Similar to I-CD55, expression of this enhancer was correlated with promoters 

for the CD55, CR1, and CD46 genes. Correlation with 4C and histone modification profiles for 

GM12878, K562 and the non-haematopoietic HepG2 cell line suggested this region contained 

erythroid-specific enhancer histone modifications (Figure 4.4, U-CD55). Upon re-assessment of 

FANTOM5 data, it was apparent that erythroid cells had not been profiled in CAGE analyses. 

The final FANTOM5 enhancer candidate enriched in B cells, U-CR2-B, was located in the 

intergenic region between CD55 and CR2. In contrast to the above candidates, this enhancer was 

most enriched in B cells (43.2%) and less so in other haematopoietic lineage cells (basophils, NK 

cells, reticulocytes, monocytes, mast cells, dendritic cells) and epithelial cells. Also unlike the 

previous candidates, expression of this enhancer was correlated with CR2 promoter expression, as 

well as CD55. Although this enhancer was not significantly over-represented in B cells, it was over-

represented in spleen tissue where mature B cells and CR2-expressing dendritic cells reside (data 

not shown). Examination of 4C profiles found that this enhancer is positioned within the region 

upstream of CR2 that interacted with the CR2 promoter viewpoint with high frequency. This 

enhancer also coincided with B cell-specific epigenetic marks associated with active enhancers 

(Figure 4.4, U-CR2-B).  

In conclusion, both the I-CD55 and U-CR2-B enhancers presented B cell-specific regulatory 

patterns including histone marks characteristic of primed or active enhancers. These enhancers were 

therefore prioritised for further interrogation. 
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Figure 4.4) CR2-interacting regions contain B cell-specific enhancer histone modifications. (A) 4C interactions from 
CR2 promoter viewpoint (VP2), (B) FANTOM5 transcribed enhancers (red), and (C) ENCODE transcription factor ChIP-
Seq data (black). FANTOM5 enhancers (green lines) are labelled based on whether they are intragenic (I) or upstream 
(U) of genes. (D-F) ENCODE CTCF ChIP-seq enrichment, DNase I hypersensitivity (HS), and ChIP-seq signals for histone 
modifications associated with nucleosome remodelled regions (H2A.Z), promoters (low H3K4me1, high H3K4me2, 
H3K4me3, H3K27ac), and enhancers (high H3K4me1, low H3K4me2, H3K27ac). Data are shown for: (D) a B 
lymphoblastoid cell line (GM12878; dark red), (E) an erythroid cell line (K562; blue), and (F) a non-haematopoietic 
(liver) cell line (HepG2; pink). Green lines representing FANTOM5 enhancers are aligned down each dataset, with 
several enhancers upstream of CR2 and within CD55 exhibiting B cell-specific enhancer modifications. The names of 
these enhancers are labelled in red in (A). Genomic scale is indicated at the top of the figure. 
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4.3.5) Analysis of various sub-sections of the I-CD55 enhancer by luciferase 

assay did not demonstrate enhancer functionality in B cell lines 
As the I-CD55 FANTOM5 enhancer correlated well with 4C interaction peaks from several 

viewpoints and displayed enhancer characteristics in B cells, it was prioritised for further analysis. 

Close examination of this enhancer in the UCSC browser suggested it potentially spans a much 

broader region than originally predicted from FANTOM5 data. Specifically, it appeared that the 

enhancer extended over a larger region encompassing the 3’ end of CD55 intron 6 and exon 7, 

intron 7 and exon 8 (Figure 4.5 A). The transcribed FANTOM5 enhancer was positioned within 

intron 6 and, consistent with FANTOM5 data measuring eRNA transcription from this locus, 

overlapped an extended region enriched in RNA polymerase II (POL2RA) binding (Figure 4.5 A). 

This region also bound approximately 30 additional TFs including chromatin remodelling 

complexes such as CHD1 and CHD2, histone modifying factors such as EP300, pioneer factors 

such as PU.1, and B cell regulatory factors such as EBF1 and BCL11A (Figure 4.5 A). In addition, 

this region exhibited DNase I hypersensitivity and was enriched for CTCF binding and H3K27ac by 

ChIP-Seq in B lymphoblastoid cells. It was also annotated as DNase I hypersensitive in 52 out of 

125 ENCODE cell types including many from non-haematopoietic lineages. However, pilot studies 

analysing this genomic region by cloning upstream of a minimal promoter (SV40) driving 

luciferase expression indicated that it did not possess enhancer activity in pre-B, mature B and T 

cell lines (n = 1)  [Figure 4.5 B, light grey]. 

Intriguingly, the intron 7/exon 8 region appeared to be highly conserved across a range of 

vertebrates by multiz alignment including mouse, zebrafish and X. tropicalis (data not shown) and 

mostly overlapped the 3’ adjacent TF-rich region (Figure 4.5, right). Again, a range of TFs (~40) 

involved in chromatin remodelling (SMC3, CHD2), histone acetylation (EP300), B-cell regulation 

(IRF4, EBF1, BCL11A, PAX5) and pioneer factors such as RUNX3 and PU.1 were enriched across 

this region in B lymphoblastoid cells (Figure 4.5). Several enhancer constructs across this region 

were generated (Figure 4.5 A), although none of these demonstrated enhancer activity in pre-B, 

mature B and T cell lines (Figure 4.5 B, dark grey). Thus, we reasoned that merely cloning 

enhancer portions may not fully recapitulate the activity of the entire candidate region. As such, an 

alternate approach was pursued whereby extended enhancer regions were amplified by PCR and 

cloned into pGL3-P for measurement of enhancer activity by luciferase assay (Section 4.2.5). 
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Figure 4.5) Pilot studies using segments of the I-CD55/GH324 enhancer did not demonstrate enhancer activity by luciferase assay in B and T cell lines. A) I-CD55 
FANTOM5 trancribed enhancer (red), RefSeq gene, subset of ENCODE ChIP-Seq factors enriched in B cell lines (GM12878) – darker = stronger enrichment, CTCF ChIP-Seq 
signal in GM12878, DNase I hypersensitivity peaks in GM12878, layered H3K27ac enrichment in 7 ENCODE cell lines; pink = GM12878, DNase I hypersensitivity clusters 
across 125 cell types; darker = higher senstivity. Numbers next to DNase clusters represent number of cell lines (out of 125) in which cluster was hypersensitive. (B) 
Amplicons cloned into luciferase reporter vectors for enhancer assays. (C-E) Graphs of normalised luciferase activity (Firefly/Renilla) relative to the backbone minimal 
promoter vector with no enhancer (pGL3P; black) in (C) a pre-B cell line (Reh), (D) a mature B cell line (Ramos), and (E) a T cell line (Jurkat), n = 1. Light grey = amplicons 
overlapping FANTOM5 enhancer, dark grey = amplicons overlapping secondary peak/ChIP-enriched region. 
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4.3.6) A comprehensive list of putative enhancers regulating CR2 was generated 

using the GeneHancer database 
One limitation of FANTOM5 CAGE data was that it provided only a very short window for each 

enhancer (~250 bp) despite adjacent enhancer marks extending across a much larger region. As 

such, it was possible that reporter gene assays may not have captured the full enhancer. Thus, an 

alternative strategy was designed whereby putative enhancers were identified using a bioinformatic 

tool known as GeneHancer and full-length sequences cloned into luciferase vectors. GeneHancer 

(v4.4) analysis identified 19 candidate enhancers for CR2 (Table 4.6), which included the 

previously described I-CD55 (GH01H207324, or GH01H207333 in most recent version v4.5) and 

U-CR2-B (GH01H207411), herein referred to as GH324/I-CD55 and GH411/U-CR2-B, 

respectively.  

GH324/I-CD55 was identified by three different databases: FANTOM5 (in dendritic cells, B cells, 

mesenchymal cells, monocytes and neutrophils), Ensembl (in CD14+CD16- monocytes, m0 

macrophages, GM12878 B cells, neutrophils, HeLa-S3 cells, neutrophils, CD14+ monocytes, and B 

cells), and ENCODE (in immortalised cells: HeLa-S3, GM12878 and HepG2; primary cells: B 

cells, CD14+ monocytes, T cells, common myeloid progenitors, CD34+ cells, and NK cells; tissues: 

small intestine, psoas muscle, thymus). In the most recent update incorporating dbSUPER, 

GH324/I-CD55 was found to comprise a super-enhancer in 6 (out of 102) cell or tissue types 

including haematopoietic cell types such as CD20+ B cells (SE_11062), CD19 primary B cells 

(SE_10308), CD14+ monocytes (SE_09764) and CD8+ naïve primary (T) cells (SE_22196). The 

other two tissue types were of non-haematopoietic origin, including: duodenum smooth muscle 

(SE_26404) and HeLa cells (SE_34743). GH324 had an elite enhancer score (1.8), although had a 

weaker Gene-Enhancer score than many of the other candidates (9.6) when considering CR2 as the 

target gene. The only gene-enhancer association evidence was from GTEx eQTL data which 

showed a significant correlation (p = 3.4 x 10-10) but this was in functionally unrelated tibial nerve 

tissue. 

Comparatively, GH411/U-CR2-B had both an elite enhancer score (1.4) and an elite Gene-Enhancer 

score (18.7). It was supported by fewer datasets (FANTOM5, Ensembl and ENCODE but not 

dbSUPER), although predictions seemed to be much more specific to haematopoietic cell types 

(Ensembl: M0 and M1 macrophages, CD14+ monocytes, neutrophils, B cells and the GM12878 B 

cell line; ENCODE: CD+ monocytes, B cells, common myeloid progenitors, CD34+ progenitor 

cells, and the GM12878 B cell line). In addition to eRNA expression correlating with CR2 
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Table 4.6) List of putative GeneHancer enhancers predicted to regulate CR2. Truncated IDs from GeneHancer (GH) are given. Items are sorted by distance to the CR2 
transcriptional start site. Enhancer (E) and gene-enhancer scores marked with asterisks indicate exceptional scores. Relevant sources indicate the number of sources with 
evidence in cell and tissue types of interest (i.e. B cells). Total numbers of Transcription factor binding sites (TFBS) catalogued by ChIP-Seq data in ENCODE are indicated, as 
well as the two TFs which exhibited greatest enrichment. 

ID Size 
(kb) Location Rel. CR2 

TSS (kb) 
E 

Score 
Enhancer 

Source 
Relevant 
sources 

# TFBS within 
enhancer 

Gene-E 
score 

Gene-E 
method 

# Target 
genes 

GH217 1.7 C4BPA-CD55 -235.6 0.9* Ensembl, ENCODE 2 9; SPI1, RUNX1 9.5 eQTL 5 

GH239 5.1 C4BPA-CD55 -211.9 1.6* FANTOM5, Ensembl, ENCODE 1 53; HDAC2, EP300 10.2 eQTL 5 

GH248 0.8 C4BPA-CD55 -205.1 0.6 Ensembl 0 5; CEBPB, FOS 10.2 eQTL 4 

GH280 4.9 C4BPA-CD55 -171.3 0.8* Ensembl, ENCODE 1 3; FOS, JUN 10.2 eQTL 3 

GH286 2.7 C4BPA-CD55 -166.5 0.8 Ensembl, ENCODE 0 3; MAFK, MAFF 10.2 eQTL 3 

GH304 1.7 C4BPA-CD55 -149.1 0.9 ENCODE 0 24; EP300, FOSL2 10.2 eQTL 4 

GH306 0.5 C4BPA-CD55 -147.5 0.5 ENCODE 0 2; CEBPB, IKZF1 10.3 eQTL 3 

GH308 5.1 C4BPA-CD55 -143.5 1.3* Ensembl, ENCODE 2 66; CHD1, EP300 10.3 eQTL 5 

GH316 2.6 C4BPA-CD55 -136.9 1.3* FANTOM5, ENCODE 2 46; CTCF, EP300 10.2 eQTL 5 

GH319 5.0 CD55 -132.4 1.1 ENCODE 1 102; CTCF, EZH2 10.1 eQTL 6 

GH324 13.5 CD55 -122.5 1.6* FANTOM5, Ensembl, ENCODE 3 50; CTCF, CHD1 9.6 eQTL 8 

GH363 1.4 CD55-CR2 -91.0 0.8 ENCODE 0 20; EP300, POL2RA 7.9 eQTL 4 

GH405 0.2 CD55-CR2 -49.1 0.7 ENCODE 1 8; CTCF, FOXA1 11.7 C-HiC 7 

GH406 0.2 CD55-CR2 -48.9 0.6 Ensembl 1 7; CTCF, FOXA1 11.7 C-HiC 7 

GH407 1.6 CD55-CR2 -46.4 1.2* FANTOM5, Ensembl 1 26; EP300, ATF3 11.7 C-HiC 10 

GH411 7.8 CD55-CR2 -38.9 1.4* FANTOM5, Ensembl, ENCODE 3 28; EP300, BCL3 18.7* C-HiC, eRNA 7 

GH423 2.0 CD55-CR2 -29.8 1.3* FANTOM5, Ensembl, ENCODE 3 16; CTCF, ELF1 18.1* C-HiC, eRNA 5 

GH429 3.0 CD55-CR2 -23.3 1.0* Ensembl, ENCODE 2 15; BCL3, ATF2 12.3* C-HiC 6 

GH435 0.3 CD55-CR2 -18.3 0.3 FANTOM5 1 N/A 19.0* eRNA 3 
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expression by FANTOM5 CAGE (p = 4.0 x 10-7), capture HiC identified a connection 

between this enhancer and CR2 (score = 1.2 x 101). Both enhancers were predicted to target 

CR2, CR1 and CD55, although GH324/I-CD55 was also predicted to target CD46 and a 

nearby uncharacterised ncRNA gene (LOC105372881), and GH411/U-CR2-B was also 

predicted to target uncharacterised RNA genes ENSG00000283044 and ENSG00000274245. 

In addition, both enhancers were also identified to share a TAD with CR2 in 19/20 

biosamples. 

4.3.7) Analysis of extended enhancer regions identified by GeneHancer 

indicated that GH411/ U-CR2-B exhibits enhancer activity in B cell lines 
Based on GeneHancer predictions, four main candidate enhancers, including GH324/I-CD55 

and GH411/U-CR2-B were selected for further analysis [Table 4.6, shaded]. As both of these 

predictions were quite large (13.5 kb and 8 kb, respectively), regions of interest were further 

refined using ENCODE enhancer histone marks and TFBS (Figure 4.6 A). These refined 

regions will be herein referred to using the ‘en’ prefix rather than GH (which defines the 

“full” enhancer), as demarcated in Figure 4.6 B. The likely functional region of GH324 in B 

cells appeared to be an approximately 5 kb region at the 3’ end of the GeneHancer co-

ordinates (Figure 4.6 B, en324A). A second smaller (2.4 kb) sub-section within this region 

was also defined and contained the majority of key enhancer marks and transcription factor 

binding sites across the cluster (Figure 4.6 B, en324B). A likely functional sub-section of 

GH411 was also defined (Figure 4.6, en411). Each of these regions were amplified by PCR 

and cloned into the pGL3-P minimal promoter (SV40) vector as conducted previously for 

smaller enhancer sections (Section 4.3.5). Each of these enhancers were cloned in both 

forward and reverse orientations and assayed in a range of B cell and non-B cell lines.  

Contrary to the expected enhancement of luciferase activity, assays for en324 constructs 

demonstrated significantly reduced activity compared to the wild-type pGL3-P construct 

(Figure 4.7 A-B). This effect was most pronounced with the larger (5 kb) en324A sequence, 

for which activity was significantly lower than pGL3-P in each of the B and non-B cell lines 

(Figure 4.7 A). Although activity was 2 to 3-fold higher in non-B cell lines, activity was still 

reduced by approximately 50% relative to the empty pGL3-P vector (Figure 4.7 A). 

Normalised activity with the smaller en324B was on average 2-fold higher than for en324A 

but showed the same cell type-specific trends (Figure 4.7 B). In contrast, en411 activity was 

significantly higher than pGL3-P specifically in B cell lines (Figure 4.7 C). Although many  
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Figure 4.6) Strong candidate enhancers aligned with chromatin signatures of active enhancers in B cells and are 
bound by a number of transcription factors relevant to B cell development or enhancer function. A) Strong 
GeneHancer enhancer predictions for CR2 (green) and corresponding positions in genes from the UCSC Genome 
Browser. Each enhancer region is highlighted in brown to show overlapping histone modifications for several 
ENCODE cell lines (GM12878 B cells = pink, K562 erythroid cells = purple, endothelial cells = blue). H3K27ac (active 
enhancer mark; green) and DNase I hypersensitivity (DHS; blue) peaks in primary B cells from peripheral blood are 
also indicated. Bottom: ChIP-Seq data from GM12878 for 12 factors relevant to B cell development or enhancer 
function. Left panel surrounding GH324 shows chr1:207,489,901-207,516,924 and the right panel containing GH411, 
GH423 and GH429 shows chr1:207,582,064-207,608,508 on the Human GRCh37/hg19 assembly. Scale is indicated 
by genomic co-ordinates above each panel. B) Enhancer regions from (A) are indicated in grey alongside UCSC genes 
and GM12878 (pink) and primary B cell (green/blue) histone modifications as from panel (A). Sequences used for 
luciferase assays are indicated in blue with their IDs and sizes (in kb) above. These were selected based on ChIP-Seq 
data and the Broad Institute chromatin state segmentation track using a Hidden Markov Model (ChrHMM) for 
GM12878 from the UCSC Browser (orange = strong enhancer; yellow = weak enhancer; red = strong promoter, pink 
= weak promoter; green = transcription; grey = heterochromatin). Regions for further analysis (demarcated with the 
prefix “En”, with the number referring to the original GeneHancer ID) were defined by Jessica Cheng with 
supervision from Joshua Clayton. 
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Figure 4.7) Transcriptional analyses showed B cell-specific increases in activity for en411 and decreased activity 
with en324A/B. Luciferase activity of en324 and en411 (GeneHancer enhancer subsections) were assessed in 
forward (blue) and reverse (orange) orientation using a pGL3-P vector (Promega, USA), cloned 5’ of the SV40 
minimal promoter driving luciferase (luc+) activity as shown above each graph. A-C) Graphs for en324A (A), en324B 
(B), and en411 (C) showing mean relative luciferase activity (± SEM) after normalisation to an empty (no enhancer) 
pGL3-P control vector for each cell line in the forward (blue) and reverse (orange) orientation (n = 3 for Raji, K562 
and HepG2; n = 4 for Reh and Ramos). Cell lines are separated into B and non-B cell lines (grey annotation). Within 
the B cell subset, cell lines are listed in order of developmental stage; pre-B (Reh) and mature B (Raji and Ramos). 
Asterisks represent statistically significant differences of normalised values compared to the pGL3-P control vector 
(*p ≤ 0.05, **p ≤ 0.01). Dotted line at y = 1 represents baseline activity of pGL3-P (i.e. no enhancer). D-E) Data for B-
0028 (D) and B-0056 (E) lymphoblastoid cell lines (n = 3). These data were generated by Jessica Cheng under the 
supervision of Joshua Clayton. 
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of these increases did not reach significance, average activity across each of the B cell lines 

was 2.5 to 4-fold higher than non-B cell lines in the forward orientation, and 1.5 to 7.5-fold 

higher than non-B lines in the reverse orientation (Figure 4.7 C). Notably, both mature B cell 

lines (Ramos and Raji) were significantly different from both K562 and HepG2 in the reverse 

orientation (Ramos vs K562 p = 0.0155, Ramos vs HepG2 p = 0.0103, Raji vs K562              

p = 0.0251, Raji vs HepG2 p = 0.0048). Differences also reached significance for Raji vs 

K562 (p = 0.0032) and HepG2 (p = 0.0070) in the forward orientation.  

Analyses in B-lymphoblastoid cell lines (B-0028 and B-0056) proved difficult to interpret 

due to high variability between replicates (Figure 4.7 D-E). For example, normalised activity 

of en411-F and en411-R was high in separate replicates for B-0056/AA (17.6 and 23.2 

relative to pGL3-P, respectively). However, lower activity was observed in the remaining 

replicates, resulting in mean activities of 8.66 ± 4.50 and 10.00 ± 6.81 for F and R, 

respectively (Figure 4.7 E). Increases were less pronounced in B-0028/GG but equally 

variable, with increases from pGL3-P as high as 2.50 and 2.18 in F and R, respectively. 

Again, lower activity was observed in separate replicates, resulting in average activities of 

1.32 ± 0.59 for en411-F and 1.46 ± 0.43 for en411-R (Figure 4.7 D). Despite the fact that 

none of these increases were significantly different from pGL3-P itself or identical constructs 

in either of the non-B cell lines, the data suggested that en411 demonstrates B cell-specific 

enhancer activity across a range of cell types, including those profiled in prior 4C studies   

(B-0028/GG and B-0056/AA). Both en324 constructs demonstrated higher activity in          

B-0056/AA than each of the prior B cell lines (Reh, Raji and Ramos), although results were 

too variable to reliably draw conclusions regarding these data (Figure 4.7 E). Results in       

B-0028/GG were slightly less variable, though the majority of en324 constructs showed 

similar trends to those observed previously in other B cell lines (Figure 4.7 D). 

Taken together, transient transfection data from B and non-B cell lines were suggestive of B 

cell-specific En411 enhancer activity, despite only reaching significance in the mature B cell 

line, Ramos. Results in 4C-profiled B-lymphoblastoid cell lines were also promising but 

prone to high variability due to low transfection efficiency. Therefore, these data should be 

repeated to achieve a more consistent and informative dataset. Considering the promising 

luciferase data for the En411 enhancer, further functional studies were performed later to 

examine the enhancer in its endogenous context. 
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4.3.8) RCA genes are differentially expressed across a range of 

haematopoietic and non-haematopoietic cell types 
As all of the RCA cluster genes were identified to fall within a single TAD and in many cases 

were predicted to be regulated by shared enhancers (especially for CD55, CR2, and CR1) it 

was of interest to determine their expression profiles across a range of B and non-B cell lines. 

Surprisingly, C4BPA and C4BPB transcripts were undetectable or present at only very low 

levels across each of the haematopoietic cell lines tested (Figure 4.8 A/B). In contrast, they 

were each expressed at appreciable levels in the non-haematopoietic cell line, HepG2   

(Figure 4.8 A/B). As expected from prior studies conducted in our lab, CR2 was undetectable 

in the pre-B cell line, Reh, the plasma cell line, SKW, and in HepG2 cells (Figure 4.8 D). 

Very low levels of transcript could be detected in K562 (0.0013 ± 0.0002) and Jurkat           

(0.0045 ± 0.0002), followed by Ramos (0.0139 ± 0.0026), B-0028/GG (0.0429 ± 0.0086) and    

B-0056/AA (0.0447 ± 0.0087), and at significantly higher levels in Raji (0.1314 ± 0.0137). 

CR1, on the other hand, was detected only in the erythroid cell line, K562 (0.0066 ± 0.0007), 

and the two B-lymphoblastoid cell lines (B-0028/GG: 0.0083 ± 0.0002, B-0056/AA:     

0.0177 ± 0.003) [Figure 4.8 C]. The CD46 and CD55 genes were ubiquitously expressed, 

with highest levels detected in K562 (0.084 ± 0.0163 and 0.0695 ± 0.0134, respectively) and 

HepG2 (0.0683 ± 0.0036 and 0.0395 ± 0.0041), and variable but lower abundance in 

lymphoid cell lines (Figure 4.8 E/F).  

Several control genes were also examined to ensure expression profiles had been 

appropriately normalised. As expected, expression of the canonical B cell marker, CD19, was 

detected only in cells of the B lymphoid lineage (Figure 4.9 A). Similarly, the tyrosine kinase 

LYN, which is involved in the BCR signalling cascade, was detectable predominantly in 

mature B cell types but only at low levels in the pre-B cell line, Reh, and non-B cell types 

Jurkat and HepG2 (Figure 4.9 B). LYN was also transcribed in K562 at amounts comparable 

to mature B cell types. Transcription of important B-cell regulatory factors, PAX5 and EBF1, 

was specifically detected in all B-lineage cell lines (Figure 4.9 C/D). As expected, expression 

of early B cell factor 1 (EBF1) was significantly higher (~10-fold) in pre-B cells than in more 

mature B cell subsets (Figure 4.9 D). The predominantly erythroid-specific β-globin gene 

(HBB) was expressed at low levels in K562, although low levels were also detected in SKW 

(Figure 4.9 E). The final control gene, GAPDH, which was used for normalisation of 

expression data alongside ACTB, showed consistently high levels of expression across all cell 

lines, albeit with minor variability (Figure 4.9 F).  
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Figure 4.8) The Regulators of Complement Activation genes showed variable and contrasting expression 
patterns across a panel of B and non-B cell lines. Relative transcript abundance of RCA genes normalised to Ct 
values from the ACTB and GAPDH housekeeping genes using the comparative Ct (ΔCt) method, n = 3. Cell lines 
are indicated below and are grouped by lineage – B lymphoid (dark grey), sorted in order of maturity; T 
lymphoid (lighter grey); and non-lymphoid (light grey). RCA genes are grouped as pairs based on genetic and 
functional similarities; complement component binding proteins C4BPA (A) and C4BPB (B), complement 
receptors 1 (CR1) (C) and 2 (CR2) (D), and complement regulators CD46 (E) and CD55 (F). 
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Figure 4.9) A number of important B cell factors were transcribed only in B cell lines. Graphs indicate relative 
transcript abundance normalised to Ct values from the ACTB and GAPDH housekeeping genes using the 
comparative Ct (ΔCt) method, n = 3. Cell lines are indicated below and are grouped by lineage – B lymphoid 
(dark grey), sorted in order of maturity; T lymphoid (lighter grey); and non-lymphoid (light grey). Targets are 
grouped in pairs according to their main functions/pathways – B-cell receptor signalling, CD19 (A) and LYN (B), 
gene regulation in B cells, PAX5 (C) and EBF1 (D), and cell type-specific HBB (E) or ubiquitously expressed 
GAPDH (F) control genes. 
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4.3.9) Chromatin accessibility across the CR2 intron 1 CTCF binding site (4C 

VP2) somewhat correlate with cell-specific CR2 expression patterns 
As the CR2 intron 1 CTCF binding site is in close proximity to the upstream CR2 promoter 

region it serves as a good candidate for mediating long distance looping interactions between 

the promoter and distal regulatory sequences (e.g. enhancers). Although accessibility across 

the CR2 promoter has already been examined in great depth302, it was of interest to determine 

whether accessibility at the intron 1 CTCF-binding site (4C VP2) over the intron 1 regulatory 

SNP differs between cell types. The chromatin accessibility by real-time PCR (ChART-PCR) 

assay was therefore used to quantify differences in chromatin accessibility (using DNase I for 

digestion) or nucleosome occupancy (using MNase for digestion) between cell types. In brief, 

MNase preferentially digests chromatin in nucleosome-poor regions of the genome as the 

nucleosome structure protects DNA from digestion458, whereas DNase cuts at open chromatin 

regions irrespective of nucleosome occupancy. The assay was optimised for both enzymes to 

ensure comparable digestion levels between cell types (Appendix II). To further control for 

differences in digestion not distinguishable by gel electrophoresis, differences between 

digested and undigested samples were normalised to the promoter of the lung-specific 

SFTPA2 gene (Appendix II). The same panel of cell lines used for RCA gene quantification 

(Section 4.2.6) was employed to enable parallels between data sets to be made. 

At the CR2 intron 1 site, all cell types exhibited DNase accessibility above background, 

although this was much lower in CR2 non-expressing cell lines Reh, SKW and HepG2 

(Figure 4.10 B). Similarly low levels of accessibility were observed in K562 for which low 

levels of CR2 transcript had been detected previously (Figure 4.10 A/B). Accessibility in B-

lymphoblastoid cell lines B-0028 (4.71 ± 0.21) and B-0056 (4.40 ± 0.16) was approximately 

2.5-fold higher than in non-expressing cell types (Figure 4.10 B). Despite the different 

rs1876453 genotypes in these two lines, no significant differences in accessibility were seen 

(p = 0.321). The next highest accessibility was in Jurkat cells (9.35 ± 2.44) which express 

CR2 at low levels, followed by Ramos (14.51 ± 1.00) and Raji (22.70 ± 3.71)               

[Figure 4.10 B]. Overall, although accessibility patterns showed some correlation with CR2 

expression, they did not directly recapitulate these trends. Nucleosome occupancy was 

highest in Reh and SKW, followed by K562 and HepG2 (Figure 4.10 C). In contrast, mature 

B cell lines were approximately two times more permissible to MNase digestion than pre-B 

(Reh) and terminally differentiated (SKW) B cell subsets (Figure 4.10 C). Thus, levels of 

nucleosome occupancy were inversely correlated with CR2 expression across B cell sub- 
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Figure 4.10) Chromatin accessibilty and nucleosome occupancy levels at the CR2 intron 1 locus correlate with 
expression in B cells. A) Relative transcript abundance normalised to ACTB and GAPDH reference genes using the 
comparative Ct (ΔCt) method. B) Chromatin accessibility by DNase I digestion at the CR2 promoter locus (within 
intron 1). Data were generated by comparing digested to undigested samples using the comparative Ct method and 
normalising to the SPA2-P control locus. Line at y = 1 indicates baseline accessibility (as at the control SPA2-P locus). 
All data are depicted as mean ± SEM for n = 3 replicates. Cell lines are indicated below each graph and are sorted by 
lineage: B-lymphoid (dark grey), T-lymphoid (lighter grey), and non-lymphoid (light grey). C) Nucleosome occupancy 
at the CR2 promoter locus (within intron 1) as measured by MNase digestion. Data were generated by comparing 
digested to undigested samples using the comparative Ct method and normalising to the SPA2-P control locus. The 
inverse of these data are presented such that lower values indicate lower nucleosome occupancy. 
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types, although only Raji and B-0028 differed significantly (p = 0.0227). These data indicate 

that the CR2 intron 1 CTCF-binding site, overlapping rs1876453 and the CR2 promoter 

region, is substantially more accessible and nucleosome-poor in CR2-expressing cell types. 

4.3.10) The GH324 enhancer was more permissible to digestion by DNase 

and MNase in mature B cell lines than in other cell types 
Chromatin accessibility and occupancy by factors such as pioneer factors, chromatin 

remodellers and lineage-specific TFs are characteristics typically associated with active 

enhancers. ENCODE DNase-Seq and ChIP-Seq data for B-lymphoblastoid cells was 

therefore used to characterise functional regions within previously predicted CR2 enhancers. 

The En324 enhancer, which included the transcribed enhancer element annotated by 

FANTOM5 (I-CD55), was confirmed to bind RNA pol II (POL2RA) from ChIP-Seq data 

(Figure 4.11 A). In addition, this putative enhancer was bound by a variety of factors 

including chromatin remodelling complexes (e.g. CHD1, CHD2), histone acetylates (e.g. 

EP300), pioneer factors (e.g. RUNX3, PU.1, YY1) and B-cell regulatory factors (e.g. IRF4, 

EBF1, BCL11A, PAX5) and exhibited an extended H3K27ac enrichment profile (~1.5 kb) 

[Figure 4.11 A]. Relatively high levels of CTCF enrichment overlapping the predicted 

FANTOM5 region were also identified in B cells but not in other ENCODE-profiled non-B 

cells (e.g. K562, HepG2) [Figure 4.11 A]. 

As the En324 enhancer seemed to be bimodal based on ENCODE data, ChART amplicons 

were designed against both of the major TF-bound clusters (Figure 4.11 A, bottom). The two 

amplicons overlapping the predicted FANTOM5 enhancer (CD55-En324-1 and CD55-

En324-2) showed similar DNase I accessibility trends, although levels at En324-1 were 

around 2-fold higher than the overlapping En324-2 amplicon in all cell types analysed 

(Figure 4.11 B). Overall, these results indicated higher DNase I accessibility in three of the 

four mature B cell types: B-0028 (5.53 ± 0.77), B-0056 (4.04 ± 0.14) and Raji (3.97 ± 0.34), 

with highest accessibility observed in the B-lymphoblastoid cell lines profiled by 4C (Figure 

4.11 B). Each of these were significantly different when compared to the non-haematopoietic 

cell line, HepG2 (p = 0.0099, p = 0.0018, and p = 0.0074, respectively).  
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Figure 4.11) The GH324/I-CD55 enhancer was more accessible in B cell lines versus non-B cells using chromatin accessibility assays. (A) Schematic of the entire GH324 
candidate enhancer region including the FANTOM5 enhancer prediction (I-CD55, red), RefSeq genes (CD55), a subset of ENCODE ChIP-Seq factors enriched in B cells 
(GM12878) with various roles in B cell development or enhancer function (darker = higher enrichment), CTCF ChIP-Seq signals in GM12878 (dark red), DNase I 
hypersensitivity peaks in GM12878 (dark red), layered H3K27ac ChIP-Seq data from 7 ENCODE cell lines (GM12878 = pink), and DNase I hypersensitivity clusters from 125 
cell types. Numbers next to bars represent number of cell lines (out of 125) in which the region was DNase I hypersensitive. Two “clusters” are defined (Cluster 1, blue, and 
Cluster 2, green) based on ENCODE data. Below: Amplicons used in ChART-PCR analyses to measure chromatin accessibility and/or nucleosome occupancy. (B) Chromatin 
accessibility by DNase I digestion at indicated loci. Data were generated by comparing digested to undigested samples using the comparative Ct method and normalising to 
the SPA2-P control locus. (C) Nucleosome occupancy as measured by MNase digestion. Data were generated by comparing digested to undigested samples using the 
comparative Ct method and normalising to the SPA2-P control locus. The inverse of these data are presented such that lower values indicate lower nucleosome occupancy. 
All data are depicted as mean ± SEM, n = 3. Baseline accesibility or occupancy (as at SPA2-P) is indicated by a dashed line at y = 1. Cell lines are indicated below each graph 
and are sorted by lineage: B-lymphoid (dark grey), T-lymphoid (lighter grey), and non-lymphoid (light grey). 
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Similarly, MNase digestion profiles indicated nucleosomal occupancy at En324-1 in all cell 

types (Figure 4.11 C). Lowest occupancy was observed in the three B-cell lines which 

demonstrated highest accessibility by DNase I digestion (B-0028 0.23 ± 0.02; B-0056 0.31 ± 

0.02; Raji 0.31 ± 0.01), whilst Reh and Ramos were slightly less permissible to MNase 

digestion (Reh 0.39 ± 0.03; Ramos 0.38 ± 0.03) [Figure 4.11 C]. Highest occupancy was 

observed in SKW, K562 and HepG2, although each were still appreciably lower than 

background (1.0) levels (0.57 ± 0.02, 0.57 ± 0.16, and 0.58 ± 0.04, respectively). The 

amplicon designed across the second feature cluster within En324 (CD55-En324-3) showed 

highly similar trends despite the considerable genomic separation (~1 kb). Specifically, 

highest accessibility and lowest nucleosome occupancy were observed in B-0028, B-0056 

and Raji, followed closely by SKW. Each of the other cell lines, including the mature B cell 

line Ramos, showed patterns consistent with accessible chromatin (Figure 4.11 B/C).  

4.3.11) The GH411/U-CR2-B enhancer demonstrated B cell-specific 

patterns of chromatin accessibility and nucleosome occupancy 
Similar to En324, the predicted En411 enhancer was bimodal or possibly even trimodal in 

character and exhibited extensive B cell-specific H3K27ac patterns spanning approximately 3 

kb (Figure 4.12). The two major feature clusters (Cluster 1 and Cluster 3) bound known 

enhancer factors such as EP300, as well as pioneer factors such as SP1, RUNX3 and YY1 

and B cell-specific factors such as BCL11A, PAX5 and EBF1 (Figure 4.12 A). Each of the 

factors bound within this region were almost exclusively present in B cell lines and not in 

other haematopoietic or non-haematopoietic cell types. Notably, the B cell-specific pioneer 

factor, EBF1, was very highly enriched in both major En324 clusters (Figure 4.12 A). 

As the two clusters were spatially distinct (~2 kb apart), separate sets of ChART amplicons 

were designed against cluster 1 (CR2-En411-C1) and cluster 3 (CR2-En411-A and CR2-

En411-B). Within cluster 1, chromatin was largely inaccessible in non-B cell lines Jurkat 

(1.46 ± 0.16), K562 (1.68 ± 0.09) and HepG2 (0.91 ± 0.13), but more accessible in B cell 

lines; Reh (2.32 ± 0.17), B-0028 (2.40 ± 0.14) and B-0056 (2.18 ± 0.05). This locus was 

nearly 15-fold more accessible in the mature B cell line, Raji (14.60 ± 2.60) and terminally 

differentiated B cell line, SKW (14.66 ± 0.72) than in non-B cell types (Figure 4.13 A). Each 

B cell line was significantly more accessible than the non-haematopoietic cell line, HepG2 

(p-values: vs Reh, p = 0.0025; vs B-0028, p = 0.0015; vs B-0056, p = 0.0007; vs Raji, p = 

0.0062; vs SKW, p < 0.0001). Interestingly, accessibility in K562 was also 
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Figure 4.12) ENCODE data indicate the putative CR2 enhancer GH411 possesses enhancer characteristics specifically in B cells. Schematic of the entire GH411 candidate enhancer 
region (chr1:207,584,741-207,589,069 in hg19). A) ENCODE ChIP-Seq factors enriched in the B-lymphoblastoid cell line GM12878. Darker rectangles indicate higher enrichment. B) 
ENCODE DNase I hypersensitivity clusters from 125 cell types. Numbers next to bars represent the  number of cell lines (out of 125) in which region was hypersensitive. External 
data from FANTOM5 indicate the position of the U-CR2-B transcribed enhancer (red). ChART amplicons were designed across the two major DNase I and TF-bound clusters (Cluster 
1, blue, and Cluster 3, green). Below: Features associated with enhancers including DNase I hypersensitivity, CTCF ChIP-Seq enrichment, and H3K27ac enrichment (active enhancers) 
in B-lymphoblastoid cell lines ((C) GM12864 and GM12865 (black), (D) GM12878 (dark red), (E) erythroid cells (K562; blue), and (F) a non-haematopoietic (liver) cell line, HepG2 
(pink).  
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Figure 4.13) Chromatin accessibility at the GH411 region was higher in B cell lines versus non-B cells. (A-C) Chromatin accessibility by DNase I digestion at indicated loci. 
Data were generated by comparing digested to undigested samples using the comparative Ct method and normalising to the SPA2-P control locus. D-F) Nucleosome 
occupancy as measured by MNase digestion. Data were generated by comparing digested to undigested samples using the comparative Ct method and normalising to the 
SPA2-P control locus. The inverse of these data are presented such that lower values indicate lower nucleosome occupancy. All data are depicted as mean ± SEM for n = 3 
replicates. Baseline accesibility or occupancy (as at SPA2-P) is indicated by a dashed line at y = 1. Cell lines are indicated below each graph and are sorted by lineage: B-
lymphoid (dark grey), T-lymphoid (lighter grey), and non-lymphoid (light grey). 
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significantly different to HepG2 (p = 0.0075). Finally, the mature B cell line, Ramos, was 

observed to be inaccessible at this locus (1.00 ± 0.02) and values were not significantly different 

to HepG2 (p = 0.51) [Figure 4.13 A]. 

Nucleosomal occupancy across CR2-En411-C1 showed even more pronounced differences 

between haematopoietic and non-haematopoietic cell types. In HepG2, this region was 

nucleosome-rich, whereas each of the other cell types were comparatively much more 

nucleosome-poor (Figure 4.13 D). Moderate occupancy was present in Reh (0.51 ± 0.03), Ramos 

(0.60 ± 0.04) and K562 (0.60 ± 0.01), followed by B-0028 and B-0056 which were around two 

times more depleted of nucleosomes (0.27 ± 0.01 and 0.31 ± 0.01, respectively). As with DNase 

I, this region was highly permissible to MNase digestion in both Raji (0.17 ± 0.01) and SKW 

(0.18 ± 0.02) [Figure 4.13 D]. In sum, each of the haematopoietic cell types significantly differed 

from the inaccessible locus configuration observed in HepG2 (vs Reh, p = 0.0009; vs Ramos,      

p = 0.0025; vs B-0028, p = 0.0001; vs B-0056, p = 0.0002; vs Raji, p < 0.0001; vs SKW,             

p = 0.0001; vs K562, p = 0.0011). Identical patterns were observed using two additional primer 

sets (ChART C1-JC2 and C1-JC3) within this cluster (data not shown). 

Both of the primer sets within cluster 3 (CR2-En411-A and CR2-En411-B) generated similar data 

using both DNase and MNase, although these patterns were distinct from cluster 1 in several 

aspects. Notably, chromatin accessibility and nucleosome occupancy levels were approximately 2 

to 3-fold higher or lower, respectively (Figure 4.13 B/C, E/F). However, this effect was specific 

to B-lineage cell types. For CR2-En411-B, chromatin was largely inaccessible in non-B cell lines 

K562, Jurkat, and HepG2 with normalised accessibility values close to 1 (1.75 ± 0.06, 1.18 ± 

0.02, and 1.07 ± 0.04, respectively). In contrast, chromatin was highly accessible in all B cell 

lines except Ramos (B-0028, 4.26 ± 0.11; B-0056, 5.21 ± 0.18; Reh, 11.19 ± 2.09; SKW, 14.83 ± 

2.37; Raji, 19.75 ± 2.54), and each of these significantly differed from the non-haematopoietic 

cell line, HepG2 (vs B-0028, p < 0.0001; vs B-0056, p < 0.0001; vs Reh, p = 0.0084; vs SKW, p 

= 0.0044; vs Raji, p = 0.0018) [Figure 4.13 C]. These patterns were mirrored when examining 

nucleosome occupancy; Ramos, K562 and HepG2 were highly enriched in nucleosomes within 

this region (1.07 ± 0.07, 1.00 ± 0.01, and 0.86 ± 0.04, respectively), whereas each of the 

remaining B-lineage cells were substantially (~5-fold) more nucleosome-poor (Raji, 0.26 ± 0.02; 

B-0056, 0.26 ±  0.02; Reh, 0.25 ± 0.01; B-0028, 0.24 ± 0.01; SKW, 0.24 ± 0.02) [Figure 4.13 F]. 

Unlike chromatin accessibility measures, nucleosome occupancy levels did not significantly 

differ between each of these B-lymphoid lines. One anomalous observation arising from these 

analyses was the notable lack of accessibility and nucleosomal occupancy within the mature B 
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cell line, Ramos. In each case, levels did not significantly differ from the non-haematopoietic cell 

line, HepG2, nor did they recapitulate patterns observed for other B cell lines. 

4.3.12) Chromatin accessibility and nucleosome occupancy patterns within an 

experimentally verified enhancer for the key B-cell regulatory factor, PAX5, 

were highly B cell-specific 
For comparative purposes, a previously characterised enhancer regulating expression of the 

important B-lymphoid gene PAX5 (PAX5-En) was incorporated into analyses. As for CR2-

En411, ENCODE ChIP-Seq data indicated enrichment for a large number of factors including 

several that are characteristic of enhancer regions (e.g. EP300, POL2RA), pioneer factors (e.g. 

YY1, SP1, PU.1), B cell-specific activators including EBF1 and PAX5 itself (Figure 4.14 A). 

CTCF enrichment was also detected within the central core of this enhancer region. Finally, this 

enhancer also bound transcriptional activators such as POU2F2 and TBP, which suggests 

involvement in a functional enhancer-promoter association. As for CR2-En411 (although unlike 

En324), TF binding was largely specific to B cell lines. This PAX5 enhancer was also comparable 

in size (~3 kb), exhibiting extensive H3K27ac enrichment across the entire region (Figure 4.14 

D). 

Although several TF-enriched clusters were observed across this enhancer region, ChART 

amplicons were designed specifically within the central cluster which was enriched for the largest 

number of factors, including CTCF (Figure 4.14 A). As for CR2-En411, chromatin was largely 

inaccessible in the non-B cell lines Jurkat and K562 (2.87 ± 0.80 and 1.90 ± 0.04, respectively), 

and inaccessible in the non-haematopoietic line, HepG2 (1.25 ± 0.21) [Figure 4.15 A]. Higher 

levels were observed in the pre-B cell line, Reh (4.01 ± 0.55), followed by a further 2 to 4-fold 

increase in more developmentally mature subsets B-0056 (7.00 ± 0.25), B-0028 (11.66 ± 0.36) 

and SKW (16.70 ± 2.23). In contrast to CR2-En411, Ramos exhibited very high levels of 

accessibility (51.99 ± 2.76) which were comparable to the other mature B cell line, Raji (75.93 ± 

17.60) [Figure 4.15 A].  

Nucleosome occupancy measures yielded similar patterns to DNase I digestion, albeit with less 

distinction between each of the mature B cell subsets (Figure 4.15 B). Both non-B cell lines, 

K562 and HepG2, were highly resistant to MNase digestion (0.99 ± 0.01 and 1.00 ± 0.08, 

respectively). Occupancy was marginally but insignificantly lower in Reh (0.93 ± 0.08), largely 

mirroring observations from DNase I digestion.  In contrast, each of the more mature B cell types 

were highly depleted of nucleosomes with lowest levels in mature B cell lines Ramos and Raji 
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Figure 4.14) ENCODE analysis of a known PAX5 enhancer showed extensive enrichment of B cell-specific enhancer marks. Schematic of the PAX5 enhancer region 
identified by Puente et al.336. A) ENCODE ChIP-Seq factors enriched in the B-lymphoblastoid cell line GM12878. Darker rectangles indicate higher enrichment. B) ENCODE 
DNase I hypersensitivity clusters from 125 cell types. Numbers next to clusters represent the  number of cell lines (out of 125) in which cluster was hypersensitive. ChART 
amplicon (below DNase I HS track) was designed to cover the central peak possessing the most evidence for enhancer functionality. Below: ENCODE features associated 
with enhancers including DNase I hypersensitivity, CTCF ChIP-Seq enrichment, and H3K27ac enrichment (active enhancers) in B-lymphoblastoid cell lines ((C) GM12864 and 
GM12865 (black), (D) GM12878 (dark red), (E) erythroid cells (K562; blue), and (F) a non-haematopoietic (liver) cell line, HepG2 (pink). 
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Figure 4.15) Chromatin accessibility at the PAX5 Enhancer was much higher in B cell lines versus non-B cells. A) 
Chromatin accessibility by DNase I digestion. Data were generated by comparing digested to undigested samples 
using the comparative Ct method and normalising to the SPA2-P control locus. B) Nucleosome occupancy as 
measured by MNase digestion. Data were generated by comparing digested to undigested samples using the 
comparative Ct method and normalising to the SPA2-P control locus. The inverse of these data are presented such 
that lower values indicate lower nucleosome occupancy. All data are depicted as mean ± SEM for n = 3 replicates. 
Baseline accesibility or occupancy (as at SPA2-P) is indicated by a dashed line at y = 1 (not visible on DNase I graph 
due to data range). Cell lines are indicated below each graph and are sorted by lineage: B-lymphoid (dark grey), T-
lymphoid (lighter grey), and non-lymphoid (light grey).  
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(0.118 ± 0.004 and 0.101 ± 0.013, respectively) [Figure 4.15 B]. Although this was expected 

based on chromatin accessibility observations by DNase digestion, distinctions between other B 

cell subsets were less apparent. Nucleosome occupancy levels were only marginally higher in B-

0028 (0.171 ± 0.004), B-0056 (0.262 ± 0.013), and SKW (0.278 ± 0.020). 

4.3.13) ChIP at putative enhancer loci demonstrated predominantly B cell-

specific enrichment of the active enhancer histone mark H3K27ac 
As a measure of enhancer activity, H3K27ac enrichment was assessed by ChIP at each of the 

previously described enhancer loci (PAX5-En, CR2-En411, and CD55-En324). Enrichment 

levels were highest at PAX5-En (Figure 4.16 B) and correlated roughly with PAX5 transcript 

abundance (Figure 4.16 A). Enrichment was highly variable between sample types (p < 0.0001 by 

one-way ANOVA), with signal undetectable above background (IgG) in the non-haematopoietic 

cell line, HepG2 (0.007 ± 0.001) and low levels in the pre-B cell line, Reh (0.037 ± 0.001). B-

lymphoid cell lines B-0028 and B-0056 exhibited ~4-fold higher enrichment (0.1487 ± 0.035 and 

0.1355 ± 0.030, respectively), followed by an additional 2-fold enrichment in SKW (0.2920 ± 

0.063) and an even further 2-fold enrichment in Raji (0.6094 ± 0.057) [Figure 4.16 B]. 

Differences between HepG2 and each of the B cell lines were highly significant (vs Reh, p < 

0.0001; vs B-0028, p = 0.0155; vs B-0056, p = 0.0135; vs Raji, p = 0.0005; vs SKW, p = 0.0107), 

as were differences between Reh and each of the more mature B cell subsets (vs B-0028, p = 

0.0333; vs B-0056, p = 0.0319; vs Raji, p = 0.0006; vs SKW, p = 0.0156). Enrichment levels 

correlated well with both chromatin accessibility and nucleosome occupancy profiles (Figure 

4.16 C/D). 

At CR2-En411, H3K27ac was similarly depleted in HepG2 (0.008 ± 0.0004) and enriched in B 

cell lines (Figure 4.16 B). Levels of enrichment were correlated with B cell developmental stage 

progression; aside from B-0028, lowest levels were detected in Reh (0.074 ± 0.004), ~2-fold 

higher in more mature lines B-0056 (0.1459 ± 0.033) and Raji (0.1460 ± 0.016), and increased by 

a further ~2-fold in SKW (0.2714 ± 0.0369) [Figure 4.16 B]. Comparison to chromatin 

accessibility and nucleosome occupancy profiles again showed strong similarities, whereby the 

region was predominantly inaccessible and inactive in HepG2, but much more permissible to 

digestion and H3K27ac in B cell lines (Figure 4.16 C/D). 

The final candidate enhancer, CD55-En324, showed much higher variability between biological 

replicates than other ChIP loci although H3K27ac enrichment was still consistently above 

background in B cell lines (Figure 4.16 B). As for other loci, lowest average enrichment was   
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observed in HepG2 although most H3K27ac levels failed to reach significance relative to 

matched IgG samples. CTCF enrichment levels were also measured and roughly correlated with 

H3K27ac enrichment patterns, although as for H3K27ac many of these differences were not 

significantly above background due to the high variability between replicates at this locus (data 

not shown). As this trend was also observed using alternative primer sets across this region, but 

was not seen at any of the other genomic loci tested, this was believed to be a locus-specific 

phenomenon. Although ChIP data were inconclusive, both H3K27ac and CTCF patterns across 

each cell type were highly similar to accessibility and occupancy profiles (Figure 4.16 C/D). Each 

of these except HepG2 also correlated fairly well with CD55 expression (Figure 4.16 A). 
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Figure 4.16) Chromatin accessibility and nucleosome occupancy at enhancers for CR2 and PAX5 correlate with 
expression levels of target genes. (A) Relative transcript abundance normalised to ACTB and GAPDH reference genes 
using the comparative Ct (ΔCt) method. (B) ChIP data for H3K27ac at enhancer loci using 5 µg antibody and 25 µg 
chromatin per sample. Enrichment for the control antibody (IgG; black) and H3K27ac (grey) were calculated using the 
percent input method. (C) Chromatin accessibility by DNase I digestion at enhancer loci. Data were generated by 
comparing digested to undigested samples using the comparative Ct method and normalising to the SPA2-P control locus. 
Line at y = 1 indicates baseline accessibility (not visible for data with large data range). (D) Nucleosome occupancy at 
enhancer loci as measured by MNase digestion. Data were generated by comparing digested to undigested samples using 
the Comparative Ct method and normalising to the SPA2-P control locus. The inverse of these data are presented such 
that lower values indicate lower nucleosome occupancy. Line at y = 1 indicates baseline (full) occupancy (as at SPA2-P). 
All data are depicted as mean ± SEM for n = 3 replicates. Cell lines are indicated below each graph and are sorted by 
lineage as either non-B (HepG2; light grey) or B-lineage cell lines (dark grey) which are sorted in order of increasing 
maturity. 
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4.4 Discussion 

4.4.1) Chromosome conformation capture data indicated a likely co-

association of RCA genes and revealed the RCA cluster genes all fall within a 

single TAD 
As the RCA cluster contains a number of genes involved in similar immune cell processes, it was 

of interest to determine whether these genes were functionally associated and whether they share 

regulatory sequences. To this end, 4C mapping from several CTCF-bound viewpoints across the 

RCA cluster was performed and yielded highly comparable interaction profiles from viewpoints 

within the first intron of CR2 (VP2), within the first intron of CR1 (VP3), and upstream of CR2 

(between CD55 and CR2; VP1) [Figure 4.2]. Due to the similarities in interaction profiles from 

these loci, including interactions within CD55 and the far upstream C4BPB/C4BPA promoter it is 

likely that these genes are involved in looping interactions which enable the shared usage of 

regulatory features across various cell types. Although interaction profiles were similar from the 

above viewpoints, it is important to note that there were still viewpoint-specific differences that 

imply certain genes, such as CR2 and CR1, likely interact separately with their own regulatory 

sequences in different cell types. The final viewpoint within intron 29 of CR1 (transcript variant 

S) generated a highly unique interaction profile disparate from all the other viewpoints. 

Specifically, interaction peaks identified from all of the other viewpoints were noticeably absent 

and only minor interactions took place exclusively downstream of this locus. This observation 

suggests that this CTCF-binding site may exist in a separate topological domain from each of the 

other viewpoints or, indeed, represent a novel TAD boundary. CTCF enrichment at this locus 

also appeared to be lower than at several other 4C viewpoints. This may in part explain why this 

site appears to associate less with other CTCF sites across the RCA cluster. Furthermore, 

although this site did bind CTCF, it was not adjacent to nor overlap any potential regulatory 

features, unlike the other viewpoints. This may suggest that only CTCF sites positioned within or 

near important regulatory regions, such as enhancers or promoters, are actually involved in 

functional looping interactions. Meanwhile, sites like VP4 are more likely to act as insulators 

which prevent the communication of regulatory regions with inappropriate targets455,486. 

Our observation that the CR1 intron 29 viewpoint demonstrated clear differences in interactions 

from the other three viewpoints raises the intriguing possibility that a novel TAD exists within 

the CR1 gene itself. The evidence that other upstream 4C viewpoints also do not interact with or 

beyond this region is certainly in support of this hypothesis. To our knowledge, such an 
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observation has not been previously reported. Specifically, we observed an approximately 50 kb 

window (chr1:207,705,000-207,755,000) from intron 7 to intron 29 of CR1 (based on longest 

isoform with 47 exons). Although the average length of TAD boundaries is unclear from the 

literature, it is possible that multiple constitutive CTCF sites, as present in CR1 introns 7, 15, 23 

and 29, could represent an extended boundary region. The most likely candidate for a single 

boundary element (rather than a broad one) is the CTCF site within intron 23, which is bound 

constitutively by CTCF in ENCODE (across >90 total samples of various cell lineages). Previous 

studies have shown that CTCF occupancy is a strong predictor of TAD border strength and 

location, with ubiquitous CTCF sites enriched at TAD borders487,488. Regardless of whether the 

intragenic TAD is broad (50 kb) or restricted (intron 23 site), it is clear that looping interactions 

that occur either side of this cluster are distinct. If this indeed a functional TAD, it would 

partition the first portion of CR1 (exons 1 – 7 and its upstream regulatory sequences) from the 

second half of the gene (exons 30 – 47). This raises intriguing possibilities for the regulation of 

expression of CR1 transcript isoforms which to date have been poorly characterised. That is, 

although NCBI characterises only two isoforms (38 exon isoform F and 46 exon isoform S), 

UCSC have identified seven isoforms from various sources which contain 3, 11, 13, 21, 38, 39, or 

47 exons. As we are unaware of any characterised intragenic TADs, the consequences of such a 

finding for mRNA splicing or translation are unclear. However, it has been observed that CTCF- 

and cohesin-bound sites can cause pausing of RNAPII489, which can result in incorporation of 

weak exons and, therefore, facilitate alternative splicing490. As the CR1 protein is comprised 

predominantly of complement control protein modules (aka short consensus repeats), it is 

possible that CTCF-mediated pausing may result in differential splicing to promote formation of 

proteins with specific ligand-binding specificities. 

The examination of Hi-C data for the comparable B-lymphoblastoid cell line, GM12878, proved 

useful in affirming our 4C observations. Specifically, these data suggested that looping 

interactions between CR2 and CR1 did occur, as did interactions with the far upstream C4BPA/B 

genes and with the candidate regulatory region identified upstream of CR2 (e.g. Figure 4.1). They 

did not however, detect any appreciable association between the identified intragenic CD55 

region and the CR2 or CR1 promoter. The data did, however, identify potential interactions of the 

CD55 promoter with similar intergenic regions between CD55 and CR2 and therefore may 

indicate that our detected associations from CR2 to CD55 are a more indirect occurrence caused 

by aggregation of multiple gene promoters and regulatory loci. Due to the limited resolution of 

Hi-C these interactions only reflected interactions within a 25 kb range (or 40 kb in H1-hESC) 
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and so were not sensitive enough to confirm the exact loci involved in these associations. Hi-C 

data were most valuable in confirming the segregation of the RCA gene cluster within a single 

topologically associated domain and defining its potential borders. Based on a combination of 4C 

and Hi-C data as well as the algorithmic TAD definitions assigned from Hi-C data in K562 and 

GM12878, TAD borders seem to be positioned upstream of the PFKBF2 gene and downstream 

of the CD46 gene, thus constraining the RCA genes entirely and excluding adjacent gene clusters. 

Interestingly, these TAD borders may not be as well defined in progenitor cells such as H1-hESC 

for which Hi-C data suggested the RCA genes exist in a much larger TAD along with the 5’ 

adjacent cluster of cytokine genes. However, the data in H1-hESC were generated with roughly 

half the resolution used for analyses in K562 and GM12878 cells and so it is likely that the 

definition of functional TAD boundaries was confounded by this limited resolution. In sum, the 

data indicate that TAD borders flank the RCA gene cluster, with an additional novel intronic 

TAD within the CR1 gene itself. 

4.4.2) 4C interactions involving CR1 and CR2 viewpoints are indicative of 

potential regulatory regions 
One of the major goals of our 4C studies was to examine CTCF-mediated associations occurring 

in and around CR1 and CR2 in B cells – including associations with each other, with other RCA 

genes, and with potential regulatory regions. All target viewpoints were selected based on CTCF 

enrichment by ChIP-Seq in B cells397. Viewpoints 2 and 3 were of particular interest due to their 

proximity to the promoters for CR2 and CR1, respectively. In agreement with ENCODE ChIP-

Seq data, viewpoint 2 demonstrated cell type-specific differences in CTCF binding which were 

highly variable even between different B cell subsets (Figure 4.3). In particular, CTCF 

enrichment was negligible or undetected in pre-B cells and terminally differentiated plasma cells 

in which CR2 is transcriptionally silenced491. These enrichment patterns also seemed to correlate 

with previously characterised binding patterns for RNA polymerase and the transcriptional 

activator, TBP491. As this CR2 promoter viewpoint exhibited high frequency interactions with 

both upstream and downstream non-coding regions it is possible that these represent functional 

associations with regulatory sequences such as enhancers. These interactions may be responsible 

for the recruitment of transcriptional activators to the CR2 promoter, thereby augmenting or 

activating transcription as discussed in Stees et al.492. Interestingly, further examination of 

regulatory features within upstream VP2-interacting regions showed a number of B cell-specific 

characteristics commonly associated with active enhancer regions, such as DNase I 

hypersensitivity459, H3K27ac enrichment493 and high H3K4me1/low H3K4me2321,493 (Figure 
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4.4). These regions also bound factors associated with enhancer function, such as p300494,495, 

pioneer factors such as PU.1332, factors important in haematopoietic fate specification such as 

TAL1496 and Ikaros497, and factors involved in various stages of B cell development such as REL-

A, ETS1, IRF4, PAX5, and EBF1329,333,498. These findings therefore help delineate the location of 

candidate regulatory sequences upstream of CR2 and the relative frequency at which interactions 

occur. 

The most prominent interacting region was located about 45 kb upstream of CR2 near VP1 and, 

interestingly, was also identified from the CR1 viewpoint (VP3), suggesting that this may 

represent a common regulatory region which controls transcription of both CR2 and CR1 in B 

cells by targeting their respective promoters. This phenomenon of a single enhancer cluster 

regulating multiple target genes has been previously acknowledged499. Although the highest point 

of the interaction peak upstream of CR2 did not directly correlate with the position of the CTCF 

binding site, this was a common feature observed for all 4C interaction peaks. That is, peak 

maxima were typically offset by several kilobases from nearby CTCF binding sites, suggesting 

4C may not capture the precise point at which two loci interact. 

Although both VP2 and VP3 interacted with the region around VP1, the same interactions were 

not detected from VP1 itself (Figure 4.2). This may imply that these loci interact in a directional 

manner, with CTCF motif orientations forcing loops to form different shapes as proposed in Tang 

et al.500 and Guo et al.501. It is also possible that although CTCF is responsible for orchestrating 

DNA looping it does not directly associate with the target enhancer but rather positions adjacent 

sequences in close proximity to their regulatory sequences. Finally, these CTCF sites may act as 

insulators to prevent the communication of the enhancers with genes upstream of the CTCF 

binding site as described in Lu et al.486. 

Another interesting observation from 4C analyses was that the most prominent interaction peak 

from CR2 VP2 was with intron 1. The first intron of CR2 has been previously characterised to 

contain a large (2.5 kb) silencer element which is partially responsible for cell type-specific 

control of CR2 expression294,303. Although this silencer element did not directly correlate with the 

position of the 4C interaction peak (3’ end is approximately 3 kb upstream of the 4C peak), it is 

possible that this looping configuration is able to bring the silencer element into contact with the 

CR2 promoter. Although CR2 is expressed in the B cells profiled by 4C and therefore unlikely to 

be functionally silenced, these data raise an intriguing possibility that constitutive contacts are 

made with this region in a range of cell types and are responsible for either reducing or silencing 
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expression within particular cell types after certain stimuli bind and activate the silencer element. 

For example, data being generated by our laboratory suggest that this silencer is likely activated 

in response to Notch signalling – an important pathway in the development and differentiation of 

lymphoid cell types (Ng, H., unpublished data). Therefore, constitutive looping from the CR2 

promoter to this silencer element in B cells may allow for efficient silencing upon terminal 

differentiation into plasma cells, when CR2 expression is switched off502. 

Interactions from the CR1 intron 1 CTCF viewpoint (VP3) showed several similarities to the CR2 

viewpoint in terms of target regions and contact frequencies (Figure 4.2). Shared peaks included 

the region upstream of the C4BPB and C4BPA genes, an intronic region within CD55 and several 

intergenic loci upstream of CR2. These similarities support our hypothesis that these two genes 

share regulatory regions within B cells. This hypothesis arose from the findings that the two 

genes were likely derived from a gene duplication event245,503 and although now exhibit slightly 

variable cell type-specific expression patterns they both remain important receptors for B cell 

function245,504. One major difference compared to the CR2 viewpoint was the presence of an 

additional interaction peak within intron 4 of CR1. Although this peak did not directly correlate 

with any ENCODE regulatory features in B cells, it was in close proximity to an extensive ~3 kb 

region exhibiting intriguing regulatory signatures, specifically in the erythroid cell line K562. As 

CR1 is expressed in both B cells and erythroid cells it follows that looping contacts may be 

established in a range of cell types, but only modulate target gene expression upon activation of 

regulatory sequences. Indeed, several studies have observed that many chromatin loops are pre-

formed and bring regulatory elements into close proximity of target genes irrespective of their 

transcriptional status505–507. In our studies, CTCF was found to be highly enriched at VP3 in a 

range of cell types at comparable levels suggesting it may be involved in fairly constitutive 

architectural loops across the RCA cluster (Figure 4.3). As CR1 is prominently expressed in 

erythroid cells as well as B cells, it follows that separate regulatory elements are likely 

responsible for driving its expression in these different cell types. It is possible that this putative 

intronic regulatory region is partially responsible for activation and/or modulation of CR1 

expression and would be an interesting candidate region for further study. 
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4.4.3) Cell type-specific variability of CTCF binding within the first intron of 

CR2 may play an important role in promoter-enhancer interactions driving 

CR2 transcription 
The other initial goal of 4C studies was to attempt to quantify differences in looping interactions 

in B-lymphoblastoid cell lines derived from SLE patients homozgyous for the CR2 intron 1 

variant (AA) or major allele (GG). No substantial differences were observed between 4C 

interaction profiles from this viewpoint, although overall frequencies were typically lower in B-

0028/GG. However, it was difficult to draw any robust conclusions from this data as only a single 

replicate was performed in each cell type. A higher frequency of interaction from the CR2 

viewpoint in B-0056/AA would, however, correspond to ChIP data at this locus, which indicated 

similarly higher fold enrichment for the architectural factor CTCF compared to B-0028/GG. 

Although differences did not quite reach significance when comparing percent input or fold 

enrichment values it is likely that additional replicates would confirm this inference. Examination 

of chromatin accessibility at the CR2 promoter viewpoint by ChART-PCR did not demonstrate 

any major differences between B-0028/GG and B-0056/AA (Figure 4.10). Likewise, nucleosome 

occupancy by MNase digestion only showed marginally lower occupancy in B-0056/AA. These 

observations were not surprising since the two cell types are highly similar in origin and it is 

likely that the SNP acts by affecting the binding affinity of TFs rather than affecting chromatin 

arrangement to impede TF binding (as discussed in Tang et al.500). This CR2 locus did, however, 

demonstrate prominent cell type-specific differences which correlated well with CR2 

transcription levels (Figure 4.10). Specifically, although low levels of accessibility were detected 

even in non-haematopoietic cell types, levels were higher in mature B cells including B-0028/GG 

and B-0056/AA and a further 5-fold higher in Raji cells which express CR2 at unusually high 

levels (as presented here and in Taylor et al.491). However, these patterns did not completely 

explain CR2 expression patterns as both Ramos and Jurkat were more accessible by DNase than 

both B-0028/GG and B-0056/AA despite CR2 being expressed at much lower levels. These 

results support our hypothesis that the amount of transcribed mRNA is dependent on additional 

distal regulatory sequences. This is enforced by further CTCF ChIP data at this locus obtained in 

other B-lineage cell types. For example, low levels of CTCF enrichment were detected in the pre-

B cell line, Reh and subsequently increased in both in B-0028/GG and B-0056/AA as well as Raji 

– all of which represent mature B cell types. Finally, CTCF no longer appeared to bind at this 

locus in the terminally differentiated plasma cell line suggesting abolishment of CTCF binding 

may act as a control mechanism to preclude the formation of promoter-enhancer loops. These 
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findings concur with previous observations that CTCF binding sites that exhibit cell type-specific 

binding patterns lost during differentiation are associated with transcriptional regulation508. 

4.4.4) A previously identified PAX5 enhancer was found to be highly B cell-

specific in nature and active in mature B cells but not in pre-B cells 
Although included as a B cell-specific positive control locus for comparative purposes, our 

findings help shed light on how activity of a previously identified PAX5 enhancer is modulated 

throughout B cell development. As expected, our results showed that the enhancer is inaccessible 

in non-haematopoietic cell types and in early pre-B cells and likely becomes activated upon 

differentiation into mature B cells where PAX5 is required for cellular homeostasis through the 

regulation of various B cell-specific target genes60,329,509,510. However, as PAX5 transcription was 

detected in SKW cells, whereas PAX5 expression is known to be incompatible with terminal B 

cell differentiation511, our results suggest that SKW may not represent a fully differentiated 

plasma cell line, but rather represents a highly mature B cell type that has not yet fully 

transitioned. The fact that CR2 expression is completely absent in SKW cells suggests that some 

mature B cell markers have been silenced, whereas others, such as PAX5, have not yet been 

effectively suppressed. Indeed, a study by Itoua Maiga et al.512 identified only low levels of the 

canonical plasma cell marker, CD138, on the surface of SKW cells and a prior study by Shaffer 

et al.71 suggested that SKW cells may merely be induced to undergo plasma cell-like 

differentiation when treated with the cytokine IL-6. Another interesting observation from 

quantification studies was that PAX5 was expressed at higher levels in the pre-B cell line, Reh, 

than in mature B cells. However, the PAX5 enhancer appeared to be completely inactive in these 

cells such that only very low levels of H3K27ac and accessibility were observed (Figure 4.16). 

The expression data were in agreement with prior studies which have determined that PAX5 gene 

transcription is initiated in pro-B cells and abundant in both pre-B and mature B-cell 

differentiation stages during which it regulates distinct transcriptional programmes509,513. 

However, as the enhancer did not appear to be active in these cells it suggests that this enhancer 

is not solely responsible for activation of PAX5 expression, but rather may be required for 

maintenance and regulation of PAX5 expression specifically within mature B cells. Meanwhile, 

separate enhancers may act at earlier stages of differentiation, such as in early and pre-B cells 

where PAX5 is required to activate a large number of target genes associated with B cell identity, 

including CR2 and CD19, by activating the chromatin at promoters and enhancers61,509,513. It is 

likely that the enhancer we present here is important for activation and sustainment of PAX5 

expression in mature B cells, whereas other enhancers identified by Decker et al.514 – which are 
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remodelled already in multipotent haematopoietic and lymphoid progenitors, are likely to act at 

the earlier stages of B cell development514. 

4.4.5) The GH411 enhancer ~45 kb upstream of CR2 provides strong evidence 

for regulation of complement receptor genes in B cells 
Although several enhancers were predicted by both FANTOM5 and GeneHancer the GH324/I-

CD55 and GH411/U-CR2-B enhancers represented the most likely candidates for regulation of 

CR2 and other RCA genes in B cells. These conclusions were based on the confidence scores 

provided by GeneHancer469 but also from 4C interaction profiles from B cell lines and visual 

inspection of these regions through ENCODE397. The GH324/I-CD55 enhancer showed initial 

promise due to the relatively high frequency of looping interactions from both the CR1 and CR2 

4C viewpoints. Another interesting feature of this region was the fact that a portion of this region 

(overlapping the entirety of CD55 intron 7) was highly conserved across vertebrate species. 

Although low levels of enrichment of enhancer marks such as H3K27ac were also observed 

across this region in ENCODE, histone marks and even CTCF binding appeared to be largely B 

cell-specific. However, a number of factors identified by ChIP-Seq to bind within this region 

were present in non-B cell types such as HeLa cells. Furthermore, this region did appear to be 

moderately hypersensitive in a range of different cell types by DNase seq (~50% of the total 125 

profiled cell types). Our data largely agreed with these observations as only low to moderate 

accessibility was detected at several positions across this enhancer. Accessibility levels were, in 

general, marginally higher in several B-lineage cell lines such as B-0028/GG, B-0056/AA, Raji 

but certainly not to the extent that was expected based on ENCODE data and ChART data 

generated at other active loci. Similarly, nucleosome occupancy levels were only marginally 

lower in a select set of B cell lines compared to non-B cell lines and implied moderate and fairly 

broad nucleosomal occupancy across cell types. Considering that FANTOM5 identified this 

enhancer to be transcribed in a range of haematopoietic cell types it follows that this region is 

likely to be active in a range of cell types and potentially control the expression of RCA cluster 

genes which exhibited more broad expression patterns, such as CD55 and CD46. In agreement 

with the literature208,243,245, these genes were expressed in a range of haematopoietic cell types at 

fairly comparable levels. Although the GH324/I-CD55 enhancer was enriched for a number of 

features indicative of an active enhancer quite specifically in B cells, such as H2A.Z, H3K4me1 

and H3K27ac, it was also marked by quite high levels of H3K4me3 – a histone modification 

typically enriched at active promoters near transcriptional start sites515,516. Such an observation 

may imply that this ‘enhancer’ actually encodes an intragenic ncRNA that is expressed 
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predominantly in B cells. As luciferase assays did not demonstrate functionality of this region 

when partitioned into small subsections or when cloned in its entirety, our results suggest that this 

region is unlikely to represent a functional B cell-specific enhancer. However, we cannot rule out 

the possibility that our luciferase data provide a false negative result, especially considering the 

known limitations of luciferase assays. That is, they involve the removal of sequences from their 

endogenous setting and as such, one can never be sure that the sequence will behave the same 

way when analysed outside its typical genomic context. Such a consideration is especially 

important for enhancers, which typically act in much more complex ways beyond merely binding 

transcription factors. A technique that involves perturbation of this putative enhancer in its 

endogenous setting, such as CRISPR-Cas9, will prove more valuable for true characterisation. 

Experiments involving GH411/U-CR2-B indicated possible B cell-specific enhancer activity. 

Specifically, analysis of the full En411 region by luciferase assay showed a positive impact on 

minimal promoter activity in B-cell lines but not in erythroid or non-haematopoietic lines. 

Furthermore, fold differences in accessibility and nucleosome occupancy were markedly higher 

in B cell lines vs non-B cell lines. However, one of the confounding observations from GH411 

(and indeed, even GH324) was the lack of chromatin accessibility above background in the 

mature B cell line, Ramos, despite very high accessibility in other B cell lines. Although it was 

initially considered that this may have been due to issues with sample preparation and/or 

normalisation of data the same trend was observed using MNase as the accessibility agent. 

Furthermore, at the positive control enhancer locus for PAX5, Ramos exhibited both high levels 

of chromatin accessibility and low levels of nucleosome occupancy which were comparable with 

the other mature B cell types. These data therefore suggest that this candidate enhancer may be 

inactivate in Ramos cells due to heterochromatinisation of the region. Such an observation may 

partially explain why Ramos cells express CR2 at much lower levels than other mature B cell 

lines such as Raji which exhibit very high accessibility at this locus, as presented here and in 

Taylor et al.491. Interestingly, an older study by Caudwell et al.517 identified expression of CR2 on 

Raji cells, whereas neither CR2 nor CR1 could be detected on Ramos cells. The current 

hypothesis could also explain why the En411 region was most active in Ramos than in Reh and 

Raji cell lines in luciferase assays. As these assays remove sequences from their endogenous 

genomic context they typically reflect only the ability and availability of target factors to bind the 

target sequences, as discussed by Carey and co-workers518. As enhancers typically require several 

conditions to be met for functional regulation of target promoters, including an active enhancer 
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state (i.e. high accessibility to allow for TF binding) and the existence of looping interactions, it 

is likely that several such mechanisms act to control the GH411 enhancer. 

An important consideration for all our enhancer data is the potential impact of EBV and its 

associated nuclear antigens (EBNA-1, EBNA-2 and EBNA-3) on gene expression and enhancer 

activity. Specifically, our mature B cell lines Raji, B-0028 and B-0056 and the plasma cell line, 

SKW, are all EBV-positive cell lines. In contrast, our pre-B cell line Reh, and mature B cell line, 

Ramos, are both EBV-negative. As previously mentioned, both CR1 and CR2 act as receptors for 

EBV231,234, and binding of EBV to CR2 is known to trigger an NF-κB-dependent intracellular 

signalling pathway which is required for infection519. Thus, the expression of CR1/2 and EBV are 

intimately linked. In fact, it has been documented that CR2 and other B-cell receptor complex 

genes can be activated by EBNA-2520. Specifically, this study confirmed at least two-fold 

induction of CR2 transcript abundance in response to EBNA-2 induction520. Overall, EBV-

enhanced target genes such as CR2 were hypothesised to enhance lymphocyte trafficking of 

EBNA-2-expressing cells. Of particular relevance to our study is the separate observation that 

EBV-encoded transcriptional activators and repressors modulate enhancer-promoter loop 

formation at cellular genes to regulate their transcription521. In this study, it was also observed 

that 75% of EBNA-2 sites and 84% of EBNA-3 sites were located distal (>4 kb) to TSSs, 

suggesting that these factors may bind and act predominantly at distal regulatory sequences, such 

as enhancers521. More recently, several EBV super-enhancer targets have been identified and 

include key B-cell transcription factors, IRF4 and EBF522. These data also provided an EBV 

regulome to categorise the enhancer interaction network utilised by EBV to drive proliferation 

and transformation of infected cells522. Unsurprisingly, CR2 was identified as a target gene, 

although the enhancer identified by ChIA-PET in this study identified a separate enhancer up to 

20 kb away from the CR2 TSS, whereas the enhancer we identify here is 45 kb away. Therefore, 

we believe that our identified enhancer is a true enhancer rather than an EBV enhancer for CR2, 

although this needs to be explored further. EBNA-2 binding has now been implicated in 

autoimmunity (e.g. SLE) across a range of disease loci523 and therefore, regardless of whether our 

identified enhancer is a natural enhancer for CR2 or an EBV-specific enhancer, our findings will 

strengthen the understanding of how CR2 expression may be modulated in the context of SLE. 
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Chapter Five – MicroRNAs important in immune cell regulation 
exhibit variable patterns of expression and promoter 
accessibility in haematopoietic cell types 

5.1 Introduction 
MicroRNAs are important regulators of gene expression that act across a vast range of biological 

processes and diseases524,525. Their likely importance in B cell development is underscored by 

their emerging role in regulating developmental transitions and differentiation as well as 

establishing cell identity526,527. As discussed previously (Section 1.7), a number of key miRNAs 

and their target genes have now been identified at various B-cell developmental stages. For 

example, miR-150, miR-34a and miR-17~92 cluster RNAs are known to act at the pro-B to pre-B 

cell transition. miR-181a has also been shown to drive B-lineage progression528, whilst the related 

miR-181b and miR-155 operate much later, during terminal differentiation. However, many of 

these miRNAs are expressed at multiple stages throughout B cell development, suggesting they 

may act at various developmental checkpoints by controlling the expression of different target 

genes. Furthermore, a large number of miRNA species have been implicated in B cell-related 

diseases, such as SLE (reviewed by Amarilyo and La Cava384). miR-21 is the most well studied 

miRNA in SLE and although in T cells it is known to act as a negative modulator of T-cell 

activation529, its function in B cells has not yet been elucidated. Interestingly, a trio of miRNAs 

including miR-181, miR-186, and miR-590-3p have been predicted to target over 50% of SLE 

genes530. Whilst miR-181 has been relatively well characterised, the role of miR-186 and miR-

590-3p within immune cells remains undefined. 

The canonical mode of miRNA biogenesis involves transcription from miRNA genes within the 

nucleus. This is predominantly conducted in a Pol II-dependent manner531, and produces a long 

(>1 kb) primary transcript (pri-miRNA) with a local hairpin structure containing embedded 

miRNA sequences532. These are subsequently processed into pre-miRNAs by the RNase III 

protein, Drosha, and exported to the cytoplasm where they are cleaved by the cytoplasmic 

enzyme, Dicer, to generate mature miRNAs531,533. Notably, processing of pre-miRNA hairpins 

can produce two distinct mature miRNA species, termed isomiRs, depending on which strand of 

the hairpin they were generated from; 5p from the 5’ strand, and 3p from the 3’ strand534,535. 

A large portion (> 50%) of known miRNAs are found within existing protein-coding genes or 

lncRNA transcripts; particularly within introns (90%) or other non-coding regions524,536. Such 

miRNAs may be processed from the host gene transcript or transcribed from their own 
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promoters, as has been shown for around 26% of mammalian miRNAs537. The remainder are 

transcribed from miRNA genes located in intergenic regions or in antisense orientation to 

annotated genes538. The analysis of such host genes is complicated by the fact that only a fraction 

of human miRNA genes have a confirmed transcriptional start site (TSS)539. However, a number 

of different methodologies have been applied to predict miRNA promoters and their TSS. In 

brief, these methods predicted promoters based on the presence of canonical promoter sequence 

features of traditional coding genes such as TATA boxes and CpG islands, or by overlaying 

patterns of promoter histone modifications (e.g. H3K4me3) and RNA polymerase II (RNAPII) 

binding540–543. More recently, the FANTOM5 Consortium has also released cap analysis of gene 

expression (CAGE) data for a range of human cell types and have assigned likely promoters to 

proximal miRNA genes544. 

Although single targets of many miRNAs expressed during B cell development have been 

identified, the pleiotropic role of many miRNAs is yet to be defined. Considering many miRNAs 

are expressed during multiple stages of B cell development, it follows that they are likely 

required for regulation of different sets of target gene(s) in each of the various B cell subsets. To 

this end, we wished to accurately profile the expression patterns of such miRNAs in cell lines at 

various stages of B cell development. As no canonical normalisers have been validated across the 

B cell lineage it was also important to define whether ubiquitous candidates such as the U6 small 

nucleolar RNA (snRNA) were suitable or whether alternative miRNAs were better suited to these 

analyses. Moreover, considering that expression of many miRNAs is merely downregulated 

during B cell development rather than completely switched off, we wished to assess the potential 

role of promoter chromatin dynamics on miRNA expression within these cells. We hypothesised 

that miRNAs whose expression fluctuates throughout B cell development would be largely 

regulated at the transcriptional level by promoter activity, as this would enable prompt re-

activation or modulation of expression when these miRNAs are required. 

Aims: 
1. Identify miRNAs stably expressed across haematopoietic cell types for accurate 

normalisation miRNA quantification data. 

2. Examine the expression patterns of known functional miRNA species in B cells and other 

haematopoietic cell types. 

3. Investigate potential associations between miRNA expression patterns and promoter 

accessibility. 
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5.2 Methods 

5.2.1) Analysis of public miRNA datasets (Small RNA-Seq and miRNA-Seq) 
A number of public datasets and expression databases were used to characterise broad miRNA 

expression patterns across haematopoietic and non-haematopoietic cell types and tissues. These 

datasets were also used to identify stably expressed miRNAs across haematopoietic cell types for 

qRT-PCR normalisation. Initially, miRNA counts from microRNA.org were used to gauge 

approximate expression levels and for selection of cell lines to be used for functional studies. For 

more accurate quantification and comparison of datasets between cell lines, small RNA 

sequencing data generated by Teruel-Montoya et al.353 were extracted from the Gene Expression 

Omnibus (GEO); Accession #GSE57679. As these data represented raw counts, individual values 

were normalised to total miRNA counts for each sample, as defined in the methods of the original 

publication353. Tissue-specific expression data derived from publicly available miRNA-Seq 

datasets were obtained from miRmine (http://guanlab.ccmb.med.umich.edu/mirmine/)545.  

5.2.2) miRNA quantification by qRT-PCR 
For quantification of miRNAs by qRT-PCR, total RNA (including small RNA) was isolated 

using the Norgen total RNA purification kit (Norgen Biotek, Canada), mature miRNAs 

subsequently reverse transcribed using a First-strand cDNA synthesis kit for miRNA (Origene, 

USA) and reactions diluted 1:10 for quantification. Commercial primers and copy number 

standards were used for initial quantification of miR-19a-5p, miR-590-5p and miR-155-5p 

(Origene, USA). As equivalent primers were not available for many 3p forms such as miR-19a 

and miR-590, specific primers were designed for all further miRNAs using Stratagene’s high-

specificity primer design guidelines. In brief, the most recent release of all mature human miRNA 

sequences was downloaded from miRBase534 and each individual miRNA aligned to all other 

miRNAs using ClustalW (http://align.genome.jp/tools-bin/clustalw). Mature miRNA sequences 

with alignment scores ≥ 60 to the target miRNA were aligned using ClustalX and primers 

selected such that homology to non-target sequences was kept to a minimum; C:A mismatches 

were favoured where possible and primers trimmed from either the 5’ or 3’ end as necessary. 

Primer Tms were calculated using the Integrated DNA Technologies (IDT) OligoAnalyser 3.1 

tool 546, favouring Tms similar to the Origene Universal RT-miRNA reverse primer.  All miRNA 

quantification was performed using the relevant forward primer and Universal RT-miRNA 

reverse primer (0.4 µM final concentration) and SYBR Green No-Rox master mix (Bioline, 

Australia). Final reactions comprised 8 µL PCR master mix and 2 µL of 1:10 diluted miRNA-

http://guanlab.ccmb.med.umich.edu/mirmine/
http://align.genome.jp/tools-bin/clustalw
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cDNA. Cycling was performed using the MIC platform (Section 2.5.2). Conditions were as 

follows: 

Temperature Time Cycles 
95°C 10 min 1 
95°C 15 s 

40 55°C 10 s 
72°C 30 s 
55 – 95°C 0.1°C/s Melt curve 

 

Primers for amplification of U6 snRNA were supplied with the cDNA synthesis kit (Origene, 

USA), although due to high technical variability these were not used for final normalisation of 

data. Instead, several potential miRNA normalisers were selected using small RNA sequencing 

data generated by Teruel-Montoya et al.353 for primary haematopoietic cells (B cells, T cells) and 

cell lines (Raji, K562, Jurkat, U937) [Section 5.2.1]. To do this, miRNAs with average counts 

from 300 – 3000 (representing medium to high expression) were identified and individual counts 

normalised to total miRNA counts in the respective samples. The NormFinder algorithm547 was 

then used to calculate miRNA expression stability values and associated error. Additional 

normalisers assessed in other publications were also considered353,548. Candidate normalisers 

were assessed based on qRT-PCR data derived from three biological replicates across seven 

distinct cell lines (Raji, Ramos, Reh, SKW, Jurkat, K562 and HepG2) and expression stability 

and optimal number of reference targets analysed using GeNorm v3549. Three targets (hsa-miR-

140-5p, hsa-miR-30c-5p and hsa-miR-103a-3p) were used for final normalisation of miRNA 

expression data by averaging the reference Ct values for each sample and calculating individual 

miRNA expression levels using the comparative Ct method550. Primers used for miRNA 

quantification are outlined in Table 5.1. 

5.2.3) ChART at miRNA promoter loci 
To assess the role of chromatin accessibility in cell type-specific miRNA expression, the ChART 

assay was performed using DNase as previously described (Section 4.2.8). As before, 

accessibility levels were normalised to the SFTPA2-P control locus to adjust for variability in 

digestion levels between cell types. Promoters for various miRNAs or miRNA host genes were 

identified by examination of chromatin accessibility, transcription factor binding patterns and 

histone modifications of annotated miRNA genes via the UCSC Genome Browser408. 

Specifically, the RefSeq genes track was used to determine the position of mature miRNA 

transcripts, and DNase I hypersensitivity, H3K4me3/ H3K4me1 histone modifications and CAGE 

tags used to assess the most likely candidate promoter regions. Where accurate promoter
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Table 5.1) Primers for miRNA quantification by qRT-PCR. 

Primer name Sequence (5’-3’) Tm (IDT) Target (miRBase ID) 
Universal RT-miRNA Ori - REV GAACATGTCTGCGTATCTC 59.1 Universal Origene REV primer 
hsa-miR-19a-3p JC1 - FWD TGCAAATCTATGCAAAACTG 59.0 hsa-miR-19a-3p (MIMAT0000073) 
hsa-miR-19b-3p JC1 - FWD GCAAATCCATGCAAAACTG 59.8 hsa-miR-19b-3p (MIMAT0000074) 
hsa-miR-590-3p JC1 - FWD TAATTTTATGTATAAGCTAGT 52.1 hsa-miR-590-3p (MIMAT0004801) 
hsa-miR-34a-3p JC1 - FWD CAATCAGCAAGTATACTGC 57.5 hsa-miR-34a-5p (MIMAT0000255) 
hsa-miR-155-5p JC1 - FWD AATGCTAATCGTGATAGGG 58.3 hsa-miR-155-5p (MIMAT0000646) 
hsa-miR-150-5p JC1 - FWD CCCAACCCTTGTACCAG 60.4 hsa-miR-150-5p (MIMAT0000451) 
hsa-miR-21-5p Ori - FWD GCTTATCAGACTGATGTTG 57.1 hsa-miR-21-5p (MIMAT0000076) 
hsa-miR-181a-5p Ori - FWD TTCAACGCTGTCGGTGA 62.8 hsa-miR-181a-5p (MIMAT0000256) 
hsa-miR-103a-3p JC1 FWD GCATTGTACAGGGCTATG 59.1 hsa-miR-103a-3p (MIMAT0000101) 
hsa-miR-30c-5p JC1 FWD ACATCCTACACTCTCAGC 59.4 hsa-miR-30c-5p (MIMAT0000244) 
hsa-miR-140-5p JC1 FWD GTGGTTTTACCCTATGGTAG 58.7 hsa-miR-140-5p (MIMAT0000431) 
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assignment was ambiguous, multiple primer sets were designed and tested. A list of final primers 

used for miRNA promoter ChART analyses can be found in Table 5.2. Following completion of 

data analysis, newly published FANTOM5 data544 were also incorporated to confirm promoter 

positioning (http://fantom.gsc.riken.jp/5/suppl/De_Rie_et_al_2017/vis_viewer/). 

5.2.4) Gene ontology analysis 
Lists of genes predicted to be targeted by specific mature miRNAs were generated using 

TargetScan v7.1551. Subsequent gene ontology enrichment analysis was performed using the GO 

Enrichment Analysis tool and the PANTHER Classification System (v13.0) (Gene Ontology 

Consortium; http://www.geneontology.org/page/go-enrichment-analysis). The following specific 

criteria were enforced for processing of data: analysis type: PANTHER Overrepresentation Test 

(release20170413); annotation version: PANTHER version 13.0; reference list: Homo sapiens 

(all genes in database); annotation data set: PANTHER Go-Slim Biological Process. The 

Bonferroni correction for multiple testing was applied to all analyses. 

http://fantom.gsc.riken.jp/5/suppl/De_Rie_et_al_2017/vis_viewer/
http://www.geneontology.org/page/go-enrichment-analysis
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Table 5.2) List of primers for miRNA promoter ChART-PCR assays. 

Primer name Sequence (5’-3’) Tm (°C) 
(Primer3) 

Position relative 
to TSS 

Target sequence 
(hg19 co-ords) 

Amplicon 
size 

SPA2-P MC - FWD CTAAGTATTCCTCCAGCCTGAGTGTTC 63.8 -11 (SFTPA2) chr10:81,320,174-81,320,325 152 bp SPA2-P MC - REV GGTGGACAACAGCATTTATAGCATG 63.8 -162 (SFTPA2) 
MIR17HG-P JC2 - FWD TACCTCGGAAACCCACCAAG 61.2 -577 (MIR17HG) chr13:91,999,497-91,999,665 169 bp MIR17HG-P JC2 - REV CCTCCGTTAACAAGCTCTGC 60.0 -409 (MIR17HG) 
MIR34-P JC1 - FWD AAAAGGAAAGAGGACCAGGTG 59.6 +39 (MIR34AHG) chr1:9,242,358-9,242,561 204 bp MIR34-P JC1 - REV GTGAAGGGGATGAGGACCAG 61.9 -164 (MIR34AHG) 
MIR590-P JC1 - FWD TTGTTTTCTTTCCCGCAAAC 60.1 -217 (MIR590) chr7:73,605,311-73,605,490 180 bp MIR590-P JC1 - REV GTCACCTGTTCAGCCAAAGC 60.8 -38 (MIR590) 
MIR590-P JC2 - FWD CACATAATGGGCCGCGTAG 58.8 -272 (EIF4H) chr7:73,588,434-73,588,670 237 bp MIR590-P JC2 - REV ACCCCGCAATATAACTCCCC 59.2 -36 (EIF4H) 
MIR150-P JC1 - FWD TGCCTTATACCCAGGTCCAG 60.0 -23 (MIR150) chr19:50,004,184-50,004,371 188 bp MIR150-P JC1 - REV AGTCCACACTCCCTCTTTGC 59.3 -246 (MIR150) 
MIR155-P JC1 - FWD CCTCTCTTAGGGACCTGCTG 59.0 -273 (MIR155HG) chr21:26,933,948-26,934,139 192 bp MIR155-P JC1 - REV AGGAAACGCCTTCAAATGAC 59.2 -82 (MIR155HG) 
MIR21-P JC1 - FWD TGGATAAGGATGACGCACAG 59.7 -3546 (MIR21) chr17:57,915,081-57,915,281 201 bp MIR21-P JC1 - REV TCAGAAGTCCCACATTTATCACC 60.2 -3346 (MIR21) 
MIR181a-P JC1 - FWD ACTCGGAACTCAGCCACTTG 60.4 +67 (MIR181A1HG) chr1:198,906,491-198,906,674 184 bp MIR181a-P JC1 - REV ATGGTGGAAAAGGCAGAATG 60.0 -116 (MIR181A1HG) 
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5.3 Results 

5.3.1) MicroRNA expression databases and datasets were useful in the 

selection of appropriate miRNAs for normalisation of qRT-PCR data 
The identification of stably expressed control genes is an essential requirement for the 

accurate comparison of expression profiles involving different cell types. As no canonical 

miRNA normalisers currently exist for B cells and other haematopoietic cell types we wished 

to identify a panel of stably expressed control miRNAs for normalisation of our qRT-PCR 

data. Small RNA sequencing data from haematopoietic cell lines and primary cell types 

generated by Teruel-Montoya et al. were used for this purpose353. Although data for platelets, 

erythrocytes and granulocytes were also available, data from lymphocytes and relevant cell 

lines were deemed most pertinent to this study. Furthermore, several inconsistencies were 

observed in all of the erythrocyte samples, suggesting they contained errors arising from 

sample preparation or processing of results.  

Read counts for each miRNA were normalised to the total miRNA counts in each sample 

from five primary B cell, five primary T cell, and four cell line samples: Raji (mature B), 

K562 (erythroid), Jurkat (T cell), and U937 (myeloid). A subset of 35 previously collated 

miRNAs with relatively stable expression in various tissues and cell lines were derived from 

a review by Meyer et al.548 and used for further analysis. The application of the NormFinder 

algorithm using the small-RNA-Seq data for these miRNAs yielded variable stability values 

(Figure 5.1 A). Eleven of these had stability values below the ideal cutoff (< 0.5; lower = 

better), including: hsa-miR-15b (0.163 ± 0.054), hsa-miR-25 (0.174 ± 0.055), hsa-miR-23b 

(0.233 ± 0.061), hsa-miR-103 (0.238 ± 0.062), hsa-miR-140 (0.297 ± 0.070), hsa-miR-106b 

(0.308 ± 0.072), hsa-miR-423-5p (0.384 ± 0.085), hsa-miR-423-3p (0.390 ± 0.086), hsa-miR-

152 (0.391 ± 0.086), hsa-miR-374b (0.407 ± 0.089), and hsa-miR-191 (0.438 ± 0.094) 

[Figure 5.1 A]. A threshold representing the interquartile range (IQR) of average copy 

number was then determined for this set of miRNAs (61.71 – 1439.0) [Figure 5.1 B]. 

Candidate normalisers with low stability values and average counts (AC) within or close to 

the bounds of the IQR were prioritised, leading to the exclusion of hsa-miR-15b (AC = 

3789.28), hsa-miR-25b (AC = 3012.43), and hsa-miR-23b (AC = 54.14). Therefore, the 

candidates (ranked by stability) which met both criteria were as follows: hsa-miR-103 (AC = 

1439.43) hsa-miR-140 (AC = 213.86), hsa-miR-106b (AC = 1002.50), hsa-miR-423-5p (AC 

= 354.86), hsa-miR-423-3p (AC = 169.64), hsa-miR-374b (AC = 225.29), and hsa-miR-191  
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Figure 5.1) Ranked stability values and miRNA counts derived from small RNA-Seq data of haematopoietic cell 
types. Small RNA sequencing data from B cells, T cells and four hematopoetic cell lines (K562, Raji, Jurkat, U937) 
were assessed using NormFinder to determine the most stably expressed miRNAs. Selected candidate normalisers 
assessed based on stability and miRNA counts are indicated (red labels/asterisks), as well as miR-30 family members 
(blue labels/asterisks). A) Calculated stability values (± standard error) from NormFinder analysis of 35 candidate 
miRNAs. Stability values < 0.5 (dashed line) represent robust and stable expression. B) Raw average miRNA counts 
from small RNA-Seq data for 35 candidate miRNAs. Dotted lines represent interquartile range (IQR) of miRNA counts 
derived from small RNA-Seq data for all miRNAs, averaged across each cell type. miRNAs with counts within the IQR 
were considered to be moderately expressed for the purposes of these analyses.  
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(AC = 922.71). The best miRNA normalisers based on these restrictions were therefore hsa-

miR-103 and hsa-miR-140 (Figure 5.1, Red). Furthermore, although hsa-miR-30c was not 

among the list of candidate normalisers, it was also selected as a potential normaliser due to 

identification by Teruel-Montoya et al.353 from the full haematopoietic dataset. Finally, 

additional miR-30 family members (miR-30b, miR-30d and miR-30e) had been included in 

the prior list of 35 candidate normalisers from Meyer et al.548 (Figure 5.1, Blue). 

5.3.2) MicroRNAs miR-103, miR-140, and miR-30c show consistent 

expression levels and represent good normalisers for miRNA quantification 

in haematopoietic cell types 

The identification of stably expressed control genes is an essential requirement for the 

accurate comparison of expression profiles between cell types. The U6 snRNA has been 

widely used for normalisation of miRNA expression although its suitability for use in B cells 

or other haematopoietic cell types has not been previously assessed. To this end, we aimed to 

assess whether U6 exhibits stable expression in these cell types, and if alternative miRNAs 

perform better. Quantification of candidate normalisers miR-103a-3p and miR-30c-5p by 

qRT-PCR resulted in highly consistent Ct values between biological replicates derived from 

independent cell cultures (miR-103 average SEM = 0.164; miR-30c average SEM = 0.164) 

(Figure 5.2 A). Average Ct values were also consistent across all of the seven different cell 

lines tested (miR-103: 24.23 ± 0.343; miR-30c: 24.12 ± 0.242). Average Ct values for miR-

140-5p were also consistent across cell lines (29.87 ± 0.260), although variability between 

replicates for individual cell types was much higher compared to miR-103 and miR-30c 

(miR-140 average SEM = 0.372) (Figure 5.2 A). The canonical miRNA normaliser; U6 

snRNA (RNU6B) showed much greater variability than the candidate miRNAs selected from 

NormFinder analysis (Figure 5.2 A). Although overall the mean Ct value for RNU6B was 

comparable across all cell types, the associated error was higher than the other candidates 

(24.66 ± 0.417). More importantly, significant variability was observed between replicates 

derived from the same cell line (U6 average SEM = 0.723; 3-5-fold higher variation than 

miRNA targets) (Figure 5.2 A). Although some degree of variability between cell types was 

observed for all candidates, it is noteworthy that higher Ct values seemed to correlate with 

particular cell types. For example, Ramos possessed the highest Ct for each of the three 

candidate miRNAs, and similar trends were observed across each of the other cell lines; 

especially when comparing miR-140 and miR-30c (Figure 5.2 A). 
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Figure 5.2) qRT-PCR data suggest miR-103a-3p, miR-140-5p and miR-30c-5p represent a good set of candidates for 
normalisation of miRNA expression data across haematopoietic cell types. A) Averages of raw Ct values (± SEM) for 
candidate miRNA expression normalisers across seven cell lines, including: B-lineage (Reh, Ramos, Raji, SKW), T-cell 
(Jurkat), erythroid (K562) and non-haematopoietic (HepG2) cell lines. B) Graph of average expression stability values 
from GeNorm analysis of qRT-PCR data for candidate normalisers. C) Graph of the optimal number of control genes 
for expression normalisation as derived from GeNorm assessment of all four candidates. Pairwise variations (for 
either 2 or 3 normalisers (V2/3) or 3 or 4 normalisers (V3/4) are listed above each graph; ideal values are < 0.15 in 
panels of sufficient size.  
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In addition to assessing raw Ct values, the geNorm algorithm was also used to calculate 

stability values from quantification results (Figure 5.2 B). Although this algorithm is more 

powerful when applied to a larger pool of candidate normalisers (typically ~10), it was 

sufficient to define the relative stability of each target. U6 snRNA had the worst stability 

score (1.575) of the four candidates tested, which was consistent with critical analysis of raw 

Ct data. Comparatively, miR-140, miR-103 and miR-30c had better stability scores (0.744, 

0.635 and 0.635, respectively) [Figure 5.2 B]. Ideally, these values would be < 0.5 (as used 

for NormFinder analysis), however this particular analysis was limited in power by the 

smaller than average set of candidates. From this data set, the optimal number of control 

genes for normalisation was calculated using GeNorm to be two or three (pairwise variation = 

0.246) [Figure 5.2 C]. The pairwise variation using three or four (i.e. including U6 snRNA) 

was much higher (0.592) [Figure 5.2 C], so U6 snRNA was excluded as a candidate for 

normalisation purposes. Final normalisation was conducted using each of the three remaining 

candidates (miR-103, miR-140 and miR-30c).  

5.3.3) MicroRNA expression databases and datasets were suitable for 

assessment of broad miRNA expression patterns across various cell and 

tissue types 
Expression databases and publicly available datasets are valuable resources to guide further 

study. We wanted to use such datasets to assess whether key B cell miRNAs are abundant 

predominantly in this lineage or whether they are expressed across a range of cell and tissue 

types. Expression data from Landgraf et al.552 were accessed through microRNA.org (Section 

5.2.1), and represent the number of cloned mature miRNAs sequenced from 172 human small 

RNA libraries from various tissues and cell types. Cloned miRNA counts were then 

normalised by the total number of miRNAs cloned in each library. Although potentially 

limited by the cloning-based approach, normalised miRNA counts were sufficient to show 

approximate expression patterns across a range of cell types. Libraries analogous to cell lines 

readily available in our laboratory were favoured, including: CD19+ primary B cells; Reh, 

CA46, Raji (B cell lines); Jurkat (T cell line); HepG2, and HEK293 (non-haematopoietic 

lines).  

miR-150 was expressed in CD19+ primary B cells and also detected in the pre-B cell line, 

Reh (Figure 5.3 A). In contrast, miR-155 was most highly expressed in the mature B cell line, 

Raji, and to a lesser extent in CA46 and CD19+ B cells (Figure 5.3 A). The expression of  
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Figure 5.3) Expression data derived from sequencing of cloned miRNA libraries indicate variable expression of key B cell miRNAs across cell types. Expression data 
generated by Landgraf et al.552 were accessed through microrna.org for a range of B-cell (Reh, CD19+ primary cells, CA46, Raji), T-cell (Jurkat) and non-haematopoietic 
(HepG2, HEK293) cell types (left to right). Expression data (normalised to total library counts) are plotted for miRNAs with known roles in lymphoid development (A), and 
miRNAs with lower expression (B). 
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miR-21 was much less specific, with detectable levels in each of the B cell types (Figure 5.3 

A). Approximately 2-fold and 5-fold higher abundance was observed in HepG2 and HEK293 

cells, respectively (Figure 5.3 A). miR-181a was detected in each of the lymphoid cell lines, 

but not in either of the non-haematopoietic cell types (Figure 5.3 A). In contrast, miR-34a 

was only detected in HepG2 cells and not in any of the B cell lines (Figure 5.3 B). Perhaps 

most interestingly, miR-19a and miR-19b were highly expressed, albeit variably, across each 

of the analysed cell types (Figure 5.4). 

Tissue-specific expression patterns were further explored using the more recent miRmine 

human miRNA expression database, which collates expression profiles from publicly 

available miRNA-Seq datasets553. Although the data are grouped by tissue-type and thus do 

not define expression profiles from individual cell types, levels tended to correlate with 

observations from the Landgraf et al.552 data. Firstly, miR-150, miR-155, miR-181a and miR-

21, which have known functions in various haematopoietic cell types, were substantially 

expressed in both blood (8.07, 6.95, 10.24, and 13.23 log2(RPM), respectively; n = 1) and 

plasma (4.52 – 14.26, median = 8.05; 2.72 – 8.41, median = 5.36; 5.31 – 11.85, median = 

8.92; and 6.82 – 16.18, median = 11.69; n = 24) [Figures 5.5 and 5.6; red and blue highlight, 

respectively]. Many of these miRNAs were also expressed in a wide range of non-

haematopoietic tissues, such as liver (Figures 5.5 and 5.6; yellow highlight). In agreement 

with the above data (Figure 5.3), miR-34a was not found to be expressed in blood, although 

was detectable in normal plasma albeit with a large degree of variability (0 – 11.06, median = 

5.69; n = 24) [data not shown]. This miRNA was also detected at appreciably lower levels in 

the diseased state (0 – 2.23, median = 0; n = 13) [data not shown]. The miR-17~92 family 

members miR-19a and miR-19b were, unsurprisingly, detected in a range of tissue types (0 – 

14.58 and 0 – 14.95, respectively; n = 50), including normal blood (1.02 and 3.26; n = 1) and 

plasma (5.71 – 14.58, median = 11.91 and 6.34 – 14.95, median = 11.565; n = 24), and 

exhibited highly comparable expression profiles (Figure 5.7). 
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Figure 5.4) Expression data derived from sequencing of cloned miRNA libraries indicate miR-19a/b and other miR-17~92 cluster miRNAs are widely expressed across cell 
types. Expression data generated by Landgraf et al.552 were accessed through microrna.org for a range of B-cell (Reh, CD19+ primary cells, CA46, Raji), T-cell (Jurkat) and 
non-haematopoietic (HepG2, HEK293) cell types (left to right). Expression data (normalised to total library counts) are plotted for miR-17~92 cluster miRNAs.  



  

155 
 

 

Figure 5.5) miRmine tissue expression profiles confirm expression of miR-150 and miR-21 in relevant 
haematopoietic tissue types. miRmine tissue expression profiles for miR-150-5p (A) and miR-21-5p (B). Sample 
numbers for each tissue type are indicated by the blue line (scale on left axis) and lines and boxes represent 
expression levels (log2 of reads per million (RPM); scale on right axis). Boxes = interquartile range, horizontal lines 
within boxes indicate median expression values, and dotted lines extend to maximum and minimum expression 
values. Colours of expression data were automatically generated by miRmine. Haematopoietic tissue types including 
blood (red) and plasma (blue), and non-haematopoietic tissue (liver; yellow) are highlighted. Average expression 
across all tissue types is also indicated (green).  
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Figure 5.6) miRmine tissue expression profiles confirm expression of miR-181 and miR-155 in relevant 
haematopoietic tissue types. miRmine tissue expression profiles for miR-181a-5p (A) and miR-155-5p (B). Sample 
numbers for each tissue type are indicated by the blue line (scale on left axis) and lines and boxes represent 
expression levels (log2 of reads per million (RPM); scale on right axis). Boxes = interquartile range, horizontal lines 
within boxes indicate median expression values, and dotted lines extend to maximum and minimum expression 
values. Colours of expression data were automatically generated by miRmine. Haematopoietic tissue types including 
blood (red) and plasma (blue), and non-haematopoietic tissue (liver; yellow) are highlighted. Average expression 
across all tissue types is also indicated (green). 
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Figure 5.7) miRmine tissue expression profiles confirm expression of miR-19a and miR-19b in relevant 
haematopoietic tissue types. miRmine tissue expression profiles for miR-19a-3p (A) and miR-19b-3p (B). Sample 
numbers for each tissue type are indicated by the blue line (scale on left axis) and lines and boxes represent 
expression levels (log2 of reads per million (RPM); scale on right axis). Boxes = interquartile range, horizontal lines 
within boxes indicate median expression values, and dotted lines extend to maximum and minimum expression 
values. Colours of expression data were automatically generated by miRmine. Haematopoietic tissue types including 
blood (red) and plasma (blue), and non-haematopoietic tissue (liver; yellow) are highlighted. Average expression 
across all tissue types is also indicated (green). 
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5.3.4) Promoter accessibility of several key miRNAs implicated in B cell 

development correlate with expression levels in a range of haematopoietic 

cell lines 
To determine whether any correlation existed between miRNA gene promoter accessibility 

and expression levels, ChART amplicons were designed across likely promoter regions for 

candidate miRNAs. We first analysed targets with known roles and expression at various 

stages within B cell developmental pathway, namely: miR-150-5p, miR-155-5p, miR-181a-

5p, and miR-21-5p. Promoter regions were defined using experimentally derived data 

available through the UCSC Genome Browser and amplicons designed across regions 

exhibiting high levels of enrichment for promoter histone marks, TF binding and other 

characteristic promoter features. miR-150-5p, miR-155-5p and miR-181a-5p are each 

transcribed and processed from well characterised host genes (MIR150, MIR155HG and 

MIR181AHG, respectively).  Furthermore, each of these host genes were solely responsible 

for transcription of their respective miRNA and their 3p isomiRs.  

Using data from Teruel-Montoya et al.353, miR-150-5p was one of the most highly expressed 

miRNAs in primary T and B cells (rank 1 and 2 of 544 total miRNAs). However, levels were 

much lower in cell lines (rank 20 in Jurkat and not detected (ND) in Raji and K562) [Figure 

5.8 A]. In qRT-PCR analyses, miR-150 was detectable in Jurkat cells but was only present at 

very low levels in Raji, SKW, K562 and HepG2 (Figure 5.8 B). Although barely detectable 

in Raji, the other B cell lines Reh and Ramos had substantially higher quantities, though 

values were still low and do not recapitulate the high abundance in primary B cells. 

Examination of promoter accessibility by ChART-PCR showed a striking correlation with 

miRNA quantification data (Figure 5.8 B/C). Specifically, DNase I accessibility was highest 

in Jurkat, which ranked the highest in expression by both qRT-PCR and in small RNA-Seq 

data. Likewise, the cell lines with minor detection of miR-150 (Raji, SKW, K562 and 

HepG2) had the lowest accessibility (Figure 5.8 B). Reh and Ramos showed intermediate 

expression compared to other cell types, and displayed intermediate accessibility (Figure 5.8 

B). Similar correlations were observed when examining miR-155 patterns; by small RNA-

Seq, expression was highest in Raji, approximately half in B cells, and even less in T cells, 

K562 and Jurkat, respectively (Figure 5.8 D). By qRT-PCR, miR-155 was undetectable in 

K562 and HepG2 and only expressed at very low levels in Ramos and Jurkat (Figure 5.8 E). 

Expression was significantly higher in Reh, a further 4-fold higher in Raji, and 
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Figure 5.8) Promoter accessibility of host genes for microRNAs with characterised roles in haematopoietic cell types correlate well with expression patterns. MicroRNA 
expression and promoter accessibility from cell lines of B lymphoid (Reh, Ramos, Raji, SKW; dark grey), T lymphoid (Jurkat; mid-grey), and non-lymphoid (K562, HepG2; light grey) 
lineages. A) MicroRNA counts from small RNA-Sequencing data (Teruel-Montoya et al.353) in primary B and T cells (n = 5), and Raji (B cell), Jurkat (T cell) and K562 (erythroid) cell 
lines (n = 1). Data for each miRNA were normalised to total miRNA counts from each sample type. B) MicroRNA abundance as measured by qRT-PCR, n = 3. Expression levels were 
normalised to a panel of stably expressed miRNAs (miR-103a, miR-140 and miR-30c) using the ΔCt method. C) DNase I accessibility of miRNA host gene promoters as measured by 
ChART-PCR. Accessibility differences were calculated between paired digested and undigested samples and normalised to the SPA2-P control locus, n = 3. Baseline accessibility is 
indicated by dotted lines at y = 1. 
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8-fold higher again in SKW (Figure 5.8 E). As observed for miR-150, promoter accessibility 

was low in cell types with low or no miRNA expression (Figure 5.8 F). Accessibility levels in 

Reh and Raji also emulated expression differences between these two cell types. However, 

accessibility in SKW was intermediate between Reh and Raji despite miR-155 being 

expressed at 34- and 8-fold higher quantities, respectively (Figure 5.8 E/F).  

In terms of expression ranking by small RNA-Seq, miR-181a showed greater consistency 

between primary cells (rank 26 and 24 in T and B cells, respectively) and cell lines (rank 10, 

35 and 42 in Jurkat, Raji and K562, respectively). Despite this, there were observable 

differences in relative expression; Jurkat expressed at ~2 to 5-fold higher levels than Raji and 

representative primary cell types (Figure 5.8 G). Comparable patterns were also observed in 

qPCR analyses; Jurkat displayed the highest expression (13.38 ± 1.20), followed by SKW 

(4.31 ± 0.74), Reh (3.28 ± 1.12), Ramos (3.09 ± 1.35) and Raji (1.01 ± 0.40) [Figure 5.8 H]. 

As for miR-150 and miR-155, miR-181a promoter accessibility levels were consistent with 

expression patterns (Figure 5.8 H/I). Accessibility of the miR-150 promoter was close to 

background levels in K562 and HepG2 (0.82 ± 0.08, and 2.02 ± 0.05, respectively) and miR-

150 was expressed at very low levels by qPCR in these cell lines (0.02 ± 0.008, and 0.15 ± 

0.057, respectively). Comparatively, accessibility was ~15-30 fold higher in expressing cell 

types, peaking in Jurkat (59.98 ± 15.03) in which expression was also highest (Figure 5.8 

H/I). However, accessibility levels did not significantly differ between any of these five cell 

lines despite marked differences in expression. This was especially notable for Raji and 

Jurkat, which had comparably accessible promoters (Raji 48.80 ± 4.83), and yet demonstrated 

a highly significant 13-fold difference in expression (p = 0.0013, n = 3) [Figure 5.8 H/I].  

miR-21 was also expressed at relatively high levels compared to all other known miRNAs by 

small RNA-Seq (rank 5, 13, 38, 6, and 10 in T cells, B cells, Jurkat, Raji, and K562). Similar 

to miR-150, miR-21 expression in Jurkat was markedly reduced (~14-fold) compared to the 

primary T cell population, although this did not seem to be a global phenomenon as the 

opposite trend was observed for miR-181a [Figure 5.9 A]. In support of these data, 

expression patterns of miR-21 in Raji, Jurkat and K562 were recapitulated by qPCR (Figure 

5.9 B). Additionally, SKW and HepG2 had ~3-fold higher expression than Raji, with Reh and 

Ramos exhibiting a further ~15-fold decrease (Figure 5.9 B). The identification of a promoter 

for miR-21 proved more problematic than for other miRNAs as the pri-miRNA is transcribed 

and processed from the last exon (exon 12; 3’ UTR) of the VMP1 gene (data not shown). As 

such, it was difficult to predict whether miR-21 transcription was linked to the expression of
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Figure 5.9) DNase I accessibility at proposed miR-21 promoter region correlates well with expression patterns in haematopoietic cell types. MicroRNA expression and promoter 
accessibility from cell lines of B lymphoid (Reh, Ramos, Raji, SKW; dark grey), T lymphoid (Jurkat; mid-grey), and non-lymphoid (K562, HepG2; light grey) lineages. A) MicroRNA 
counts from small RNA-Sequencing data (Teruel-Montoya 2014) in primary B and T cells (n = 5), and Raji (B cell), Jurkat (T cell) and K562 (erythroid) cell lines (n = 1). Data for each 
miRNA were normalised to total miRNA counts from each sample type. B) MicroRNA abundance as measured by qRT-PCR, n = 3. Expression levels were normalised to a panel of 
stably expressed miRNAs (miR-103a, miR-140 and miR-30c) using the ΔCt method. C) DNase I accessibility of miRNA host gene promoters as measured by ChART-PCR. Accessibility 
differences were calculated between paired digested and undigested samples and normalised to the SPA2-P control locus, n = 3. Baseline accessibility is indicated by dotted lines at 
y = 1. 
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VMP1 or driven by a separate (intronic) promoter. Examination of the region upstream of the 

primary miRNA (pri-miRNA) sequence revealed extensive enrichment of transcription 

factors, including RNA polymerase II (POL2RA), ~3 kb upstream within intron 10 of VMP1 

(data not shown). Consequently, this region was used for the design of ChART primers rather 

than interrogating the VMP1 promoter. Despite inconclusive evidence associating this region 

with MIR21 transcription, accessibility of this region was highly correlated with miR-21 

expression (Figure 5.9 C). Reh, Ramos and Jurkat cell lines all exhibited low levels of 

miRNA expression (2.04 ± 0.33, 1.48 ± 0.30 and 8.02 ± 5.50; n = 3), and also showed low 

accessibility at the target locus (7.00 ± 0.98, 3.00 ± 0.07 and 4.11 ± 0.15; n = 3) [Figure 5.9 

C]. However, these levels still far exceeded background and suggest appreciable miRNA 

quantities, albeit much lower than in other cell types. Accessibility trends for the remaining 

four cell lines coincided with miRNA expression levels, although Raji showed the highest 

levels of promoter accessibility (132.60 ± 25.14, n = 3) but only intermediate expression 

(26.83 ± 4.71, n = 3).  

The microRNAs miR-19a and miR-19b are generated from the same host gene, MIR17HG, 

which also contains several other miRNAs that are processed from a single long pri-miRNA 

unit. Intriguingly, the MIR17HG promoter was highly conserved; as assessed by PhyloP 

basewise conservation from 100 vertebrate species (data not shown). Furthermore, this 

conservation seemed to extend into the gene itself (~2 kb total) and aligned with histone 

marks and extensive TF enrichment signatures (data not shown). Although multiple 

amplicons extending across the MIR17HG promoter region were assessed, the majority of 

these primer sets proved problematic due to high GC content and thus qPCRs could not be 

successfully optimised. The only successful ChART-PCR amplicon, MIR17HG-P, indicated 

variable patterns of chromatin accessibility across cell types, however only a fraction of these 

differences reached significance (Ramos vs SKW p = 0.0032, Ramos vs K562 p = 0.0259, 

Jurkat vs SKW p = 0.0252) [Figure 5.10 E]. Most prominently, the non-haematopoietic cell 

line, HepG2, exhibited significantly lower levels of accessibility compared to Ramos (p = 

0.0003), Raji (p = 0.0301), SKW (p = 0.0084), Jurkat (p = 0.0044) and K562 (p = 0.0385). 

Each of these cell lines, except Jurkat, also had significantly higher expression of miR-19a 

and miR-19b (Ramos p = 0.0067 and p = 0.0036; Raji p = 0.0224 and p = 0.0436; SKW        

p = 0.0342 and p = 0.0200; Jurkat p = 0.1831 and p = 0.0540; K562 p = 0.0134 and               

p < 0.0001; n = 3 for all). In contrast, expression levels of miR-19a between Reh and HepG2 

did not significantly differ (p = 0.1006), nor did MIR17HG promoter 
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Figure 5.10) miR-19a and miR-19b are expressed in a range of haematopoietic and non-haematopoeitic cell types. MicroRNA expression and promoter accessibility from cell lines 
of B lymphoid (Reh, Ramos, Raji, SKW; dark grey), T lymphoid (Jurkat; mid-grey), and non-lymphoid (K562, HepG2; light grey) lineages. A/B) MicroRNA counts from small RNA-
Sequencing data (Teruel-Montoya 2014) in primary B and T cells (n = 5), and Raji (B cell), Jurkat (T cell) and K562 (erythroid) cell lines (n = 1). Data for each miRNA were normalised 
to total miRNA counts from each sample type. C/D) MicroRNA abundance as measured by qRT-PCR, n = 3. Expression levels were normalised to a panel of stably expressed miRNAs 
(miR-103a, miR-140 and miR-30c) using the ΔCt method. E) DNase I accessibility of miRNA host gene promoters as measured by ChART-PCR. Accessibility differences were calculated 
between paired digested and undigested samples and normalised to the SPA2-P control locus, n = 3. Baseline accessibility is indicated by dotted lines at y = 1.  
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accessibility (p = 0.0839). Although the difference did not meet the significance threshold, 

average accessibility for MIR17HG-P in Reh was ~2-fold higher than in HepG2 (11.92 ± 

2.57 vs 5.96 ± 0.43). Furthermore, miR-19b expression was significantly different in Reh 

cells compared to HepG2 (p = 0.0086). Overall, chromatin accessibility at MIR17HG-P did 

not recapitulate the disparities in miR-19a/b expression levels between haematopoietic cell 

types (Figure 5.10). 

Although miR-34a is known to play a role in the pro-B to pre-B cell transition, its expression 

level was found to be very low in pre-B cells (Reh) and mature B cell lines (Raji, Ramos), as 

well as non-B cell lines Jurkat and K562 (Figure 5.11 B). These observations were confirmed 

by very low miRNA counts in small-RNA-Seq analyses (Figure 5.11 A). However, 

significantly higher expression was observed in SKW and HepG2 lines, a disparity that 

warranted further investigation. As such, ChART-PCR primers were designed within the 

likely promoter region for the miR-34a host gene (MIR34AHG), based predominantly on 

previously characterised DNase I hypersensitivity and enrichment for POL2RA and other 

transcription factors (data not shown). Although complicated by the fact that this upstream 

region also overlapped a lncRNA transcript (LINC01759), accessibility patterns within region 

(MIR34-P) were found to be similar to expression patterns (Figure 5.11). In cell lines which 

exhibited negligible levels of miR-34a expression (Reh, Ramos, Raji, Jurkat and K562), 

normalised accessibility values were only marginally above background (1.94 ± 0.12, 1.52 ± 

0.05, 1.77 ± 0.05, 2.10 ± 0.08 and 1.44 ± 0.02; n = 3) [Figure 5.11 C]. In contrast, HepG2 and 

SKW, which demonstrated significantly higher expression, were also significantly more 

accessible (9.28 ± 0.74 and 11.76 ± 0.46, respectively; n = 3) [Figure 5.11 C].  

As for miR-21, the accurate delineation of a promoter for miR-590 was complicated by the 

fact that the pri-miRNA is transcribed intronically from the EIF4H gene. Furthermore, 

perhaps owing to its typically low copy number (Section 5.3.3), it was difficult to discern any 

strong candidate regulatory regions in the vicinity of the pri-miRNA locus. As it is possible 

that the pri-miRNA is processed from the EIF4H gene following splicing, a ChART 

amplicon was designed within the EIF4H promoter, although resulting accessibility patterns 

did not correlate well with miR-590 expression (Figure 5.12). Arguably, the low levels of 

accessibility in Reh, Ramos, Raji, Jurkat and K562 (2.08 ± 0.28, 1.05 ± 0.03, 2.11 ± 0.03, 

1.89 ± 0.40 and 1.86 ± 0.10; n = 3) reflect the quantification results. However, the pivotal 

inclusion of additional cell lines; SKW and HepG2, dismisses any evidence for a direct 

correlation between EIF4H promoter activity and miR-590 copy number. In these cell types,
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Figure 5.11) miR-34a is expressed in a limited subset of haematopoietic and non-haematopoeitic cell types. MicroRNA expression and promoter accessibility from cell 
lines of B lymphoid (Reh, Ramos, Raji, SKW; dark grey), T lymphoid (Jurkat; mid-grey), and non-lymphoid (K562, HepG2; light grey) lineages. A) MicroRNA counts from small 
RNA-Sequencing data (Teruel-Montoya 2014) in primary B and T cells (n = 5), and Raji (B cell), Jurkat (T cell) and K562 (erythroid) cell lines (n = 1). Data for each miRNA 
were normalised to total miRNA counts from each sample type. B) MicroRNA abundance as measured by qRT-PCR, n = 3. Expression levels were normalised to a panel of 
stably expressed miRNAs (miR-103a, miR-140 and miR-30c) using the ΔCt method. C) DNase I accessibility of miRNA host gene promoters as measured by ChART-PCR. 
Accessibility differences were calculated between paired digested and undigested samples and normalised to the SPA2-P control locus, n = 3. Baseline accessibility is 
indicated by dotted lines at y = 1. 
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Figure 5.12) miR-590 is expressed at very low levels in haematopoietic cell lines. MicroRNA expression and 
promoter accessibility from cell lines of B lymphoid (Reh, Ramos, Raji, SKW; dark grey), T lymphoid (Jurkat; 
mid-grey), and non-lymphoid (K562, HepG2; light grey) lineages. A) MicroRNA counts from small RNA-
Sequencing data (Teruel-Montoya 2014) in primary B and T cells (n = 5), and Raji (B cell), Jurkat (T cell) and 
K562 (erythroid) cell lines (n = 1). Data for each miRNA were normalised to total miRNA counts from each 
sample type. B) MicroRNA abundance as measured by qRT-PCR, n = 3. Expression levels were normalised to a 
panel of stably expressed miRNAs (miR-103a, miR-140 and miR-30c) using the ΔCt method. C, D) DNase I 
accessibility of the potential miR-590 host gene (EIF4H) promoter or candidate intronic promoter (MIR590-P) 
near the miR-590 locus as measured by ChART-PCR. Accessibility differences were calculated between paired 
digested and undigested samples and normalised to the SPA2-P control locus, n = 3. Baseline accessibility is 
indicated by dotted lines at y = 1. 
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EIF4H promoter accessibility is well above background levels (7.74 ± 1.17 and 4.40 ± 0.57; 

n = 3), and ~2 to 8-fold higher than other cell lines, despite demonstrating the lowest levels of 

miR-590 by qRT-PCR (0.0022 ± 0.0007 and 0.0017 ± 0.0004; n = 3) [Figure 5.12]. Despite 

lack of evidence or enrichment for any common promoter elements, the region upstream of 

the MIR590 pri-miRNA from -217 to -38 was also examined by ChART-PCR. In contrast to 

EIF4H-P, accessibility at this locus (MIR590-P) bore much more notable similarities with 

miR-590 expression whereby normalised accessibility levels did not substantially exceed 

background levels (Figure 5.12 D). Slightly elevated levels were seen in Jurkat (1.85 ± 0.10), 

though still likely represent a predominantly closed chromatin configuration. However, as 

this region is not functionally verified as a promoter it is inconclusive whether accessibility at 

this locus is indeed a defining element driving miR-590 expression. 

In conclusion, although for many of the studied miRNAs there existed a strong correlation 

between expression and promoter chromatin accessibility, it is important to consider that 

many of these promoter assessments were based purely on predictions using ENCODE 

DNase-Seq and ChIP-Seq datasets. Given the transcriptional start sites for many of the target 

host genes (e.g. miR-21, miR-155, miR-150, miR-34a) have been characterised these 

assessments are likely to be accurate although confirmation of promoter regions for miRNAs 

with more ambiguous host genes and/or transcriptional start sites (e.g. miR-19, miR-590) 

would likely solidify these data. 

5.3.5) FANTOM5 data profiling miRNA expression and promoters solidified 

previous observations 
Following the completion of ChART-PCR analyses, a new dataset containing cap analysis of 

gene expression (CAGE) data for miRNAs in human and mice was released by the 

FANTOM5 Consortium544.The incorporation of this data post-hoc assisted in confirming 

miRNA promoter positioning and provided data on cell types enriched for miRNAs of 

interest. In general, FANTOM5 promoter co-ordinates correlated well with ChART 

amplicons; for each of miR-150, miR-155 and miR-181, which had well-defined host genes, 

amplicons were offset by a maximum of a few hundred base pairs. Notably, FANTOM5 

promoter co-ordinates only extended across very narrow ranges (3 to 50 bp) [Table 5.3], 

whereas analysis within the UCSC browser typically implied much more broad regions based 

on TF enrichment and histone marks. CAGE data also identified multiple additional 

promoters for each miRNA which were offset by variable distances from the major promoter 
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Table 5.3) MicroRNAs and their host genes as assigned by FANTOM5 or predicted through the UCSC Genome Browser. FANTOM5 (F5) transcriptional start site (TSS), pre-
miRNA sequence from the FANTOM5 genome browser (zenbu), most likely miRNA promoter assigned by FANTOM5 and its co-ordinates and the number of alternative 
promoters observed in the FANTOM5 genome browser. Genomic co-ordinates of ChART-PCR amplicons and their positions relative to FANTOM5-assigned or UCSC-
predicted transcriptional start sites (+1) are also given. All co-ordinates are from the hg19 (GRCh37) human genome assembly. 

miRNA ID Host gene FANTOM5 
TSS (hg19) 

Pre-miRNA 
[zenbu] 

FANTOM5 
promoter 

Promoter 
co-ords [F5] 

Promoter 
score [F5] 

Alternative 
Promoters  

ChART amplicon 
co-ords (hg19) 

Position 
relative to 

TSS 

miR-150-5p MIR150 Chr19: 
50,004,160 (-) 

Chr19: 
50,004,041-
50,004,125 (-) 

P1@ 
MIR150 

Chr19: 
50,004,160-
50,004,165 (-) 

2603.9 3 
Chr19: 
50,004,184-
50,004,371 

-24 to -211 
 

miR-155-5p MIR155HG Chr21: 
26,934,422 (+) 

Chr21: 
26,946,291-
26,946,356 (+) 

P1@ 
MIR155HG 

Chr21: 
26,934,435-
26,934,452 (+) 

34662.7 7 
Chr21: 
26,933,948-
26,934,139 

-474 to -283 

miR-181a-5p MIR181A1HG Chr1: 
198,906,557 (-) 

Chr1: 
198,828,172-
198,828,282 (-) 

P1@ 
LOC100131234 

Chr1: 
198,906,529-
198,906,573 (-) 

25402.9 2 
Chr1: 
198,906,491-
198,906,674 

+86 to -117 

miR-21-5p VMP1 (intron) Chr17: 
57,915,291 (+) 

Chr17: 
57,918,626-
57,918,698 (+) 

P1@ 
AK310806 

Chr17: 
57,915,282-
57,915,332 (+) 

105427.0 5 
Chr17: 
57,915,081-
57,915,281 

-210 to -10 

miR-19a-3p MIR17HG Chr13: 
91,999,940 (+) 

Chr13: 
92,003,144-
92,003,226 (+) 

P1@ 
MIR17HG 

Chr13: 
91,999,933-
91,999,950 (+) 

8320.2 4 
Chr13: 
91,999,497-
91,999,665 

-443 to -275 

miR-19b-3p MIR17HG Chr13: 
91,999,940 (+) 

Chr13: 
92,003,445-
92,003,532 (+) 

P1@ 
MIR17HG 

Chr13: 
91,999,933-
91,999,950 (+) 

8320.2 4 
Chr13: 
91,999,497-
91,999,665 

-443 to -275 

miR-34a-5p N/A Chr1: 
9,222,991 (-) 

Chr1: 
9,211,726-
9,211,836 (-) 

P1@ 
chr1:9222986-
9223005,- 

Chr1: 
9,222,987-
9,223,005 (-) 

102.7 N/A 
Chr1: 
9,222,942-
9,223,137* 

+49 to -146 

miR-34a-5p 
(*UCSC alt) 

MIR34AHG / 
LINK01759 
(intron) 

Chr1: 
9,242,451 (-) 

Chr1: 
9,208,346-
9,242,451 (-) 

N/A N/A N/A N/A 
Chr1: 
9,242,358-
9,242,561 

+93 to -110 

miR-590-3p EIF4H Chr7: 
73,588,685 (+) 

Chr7: 
73,605,527-
73,605,624(+) 

P1@ 
EIF4H 

Chr7: 
73,588,666-
73,588,691 (+) 

188590.0 1 
Chr7: 
73,588,434-
73,588,670 

-251 to -15 

miR-590-3p 
(*UCSC alt) 

MIR590 
(EIF4H intron) 

Chr7: 
73,605,528 (+) 

Chr7: 
73,605,527-
73,605,624(+) 

P1@ 
MIR590 

Chr7: 
73,605,606-
73,605,609 (+) 

28.3 0 
Chr7: 
73,605,311-
73,605,490 

-217 to -38 
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(with the highest CAGE tag count). For miRNAs with well-defined host genes and 

promoters, expression data for mature miRNAs and their promoters showed similar cell type-

enrichment profiles (Figure 5.13/5.14). For example, CAGE tags for both miR-150 and its 

promoter (P1@MIR150) were enriched in leukocytes, lymphocytes, and haematopoietic cells 

and depleted in epithelial cells (Figure 5.13). miR-155 was also enriched in lymphocytes, 

leukocytes, and haematopoietic cells, whilst its major promoter (P1@MIR155HG) was 

enriched in leukocytes but also phagocytes and monocytes (Figure 5.14). Continuing this 

trend, miR-181 was also enriched in haematopoietic cells, leukocytes, and B cells (Figure 

5.15 A). However, data for the defined promoter (P1@LOC100131234) showed somewhat 

disparate patterns, with enrichment in monocytes but also in brain (Figure 5.15 B). Although 

the putative miR-21 promoter had not been functionally associated with miR-21 transcription, 

FANTOM5 data identified the most likely transcribed promoter (P1@AK310806) to be 

within 1 bp of the ChART amplicon, despite the pre-miRNA sequence being located nearly   

3 kb away (Table 5.3). Furthermore, CAGE tags for this promoter and miR-21 showed 

enrichment in similar cell types (monocytes and myeloid leukocytes) [Figure 5.16].  

As determined through manual analysis, the FANTOM5 promoter likely driving miR-19a/b 

expression (P1@MIR17HG) was located upstream of the host gene, MIR17HG (Table 5.3). 

CAGE data for this promoter correlated well with miR-19a and miR-19b expression patterns; 

P1@MIR17HG was enriched in monocytes, haematopoietic cells and endothelial cells; miR-

19a in monocytes and epithelial cells; and miR-19b in leukocytes, haematopoietic cells, and 

endothelial cells (Figure 5.17). Four additional MIR17HG promoters (P2 – P5) were also 

identified, though had much lower promoter confidence scores (63.4, 61.4, 73.9, and 28.4). 

In agreement with qPCR observations (Section 5.3.4), miR-34a was found to be enriched in 

epithelial and endothelial cell types and depleted in haematopoietic cells (Figure 5.18 A). 

Interestingly, although miR-34a has a known host gene (MIR34AHG), the FANTOM5 

assignment used a promoter within intron 1 of this gene rather than upstream of its TSS 

(Table 5.3). Additionally, this element had a low FANTOM5 promoter score (102.7) when 

compared to many of the other studied miRNAs (Table 5.3). Examination of this region in 

the UCSC genome browser did indicate this region contained many characteristics associated 

with active promoter regions, including DNase I hypersensitivity and H3K27ac enrichment 

(data not shown). However, promoter expression was found to be enriched predominantly in 

haematopoietic cell types such as myeloid cells (Figure 5.18 B) which is at odds with miR-

34a expression patterns (Figure 5.18 A). 
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Figure 5.13) FANTOM5 expression data indicate enrichment of miR-150 and its promoter in haematopoietic 
cell types. FANTOM5 expression data by cap analysis gene expression (CAGE) for miR-150-5p (A), which has a 
known role in various haematopoietic cell types, and its most likely promoter (p1@MIR150) as assigned by 
FANTOM5 (B). MicroRNA expression data (A) are indicated in counts per million (CPM) and promoters (B) in 
tags per million (TPM). The three most significantly enriched (**) or depleted primary cell types for each target 
are indicated in the cell ontology table below the expression charts. 
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Figure 5.14) FANTOM5 expression data indicate enrichment of miR-155 and its promoter in haematopoietic 
cell types. FANTOM5 expression data by cap analysis gene expression (CAGE) for miR-155-5p (right) (A), which 
has a known role in various haematopoietic cell types, and its most likely promoter (p1@MIR155HG) as 
assigned by FANTOM5. MicroRNA expression data (A) are indicated in counts per million (CPM) and promoters 
(B) in tags per million (TPM). The three most significantly enriched (**) or depleted primary cell types for each 
target are indicated in the cell ontology table below the expression charts. 
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Figure 5.15) FANTOM5 expression data indicate enrichment of miR-181a in B cells and does not directly 
correlate with promoter expression. FANTOM5 expression data by cap analysis gene expression (CAGE) for 
miR-181a-5p (A) and its most likely promoter (p1@LOC100131234) as assigned by FANTOM5 (B). MicroRNA 
expression data (A) are indicated in counts per million (CPM) and promoters (B) in tags per million (TPM). The 
three most significantly enriched (**) or depleted primary cell types for each target are indicated in the cell 
ontology table below the expression chart. 
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Figure 5.16) FANTOM5 expression data indicate enrichment of miR-21 and its identified promoter in 
haematopoietic cell types. FANTOM5 expression data by cap analysis gene expression (CAGE) for miR-21-5p 
(A) and its most likely promoter (p1@AK310806) as assigned by FANTOM5 (B). MicroRNA expression data (A) 
are indicated in counts per million (CPM) and promoters (B) in tags per million (TPM). The three most 
significantly enriched (**) or depleted primary cell types are indicated in the cell ontology table below the 
expression chart. 
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Figure 5.17) FANTOM5 data indicate broad enrichment of miR-19a and miR-19b across haematopoietic and 
endothelial cell types. FANTOM5 expression data by cap analysis gene expression (CAGE) for miR-19a-3p (A) 
and miR-19b-3p (B), and their most likely promoter (p1@MIR17HG) as assigned by FANTOM5 (B). MicroRNA 
expression data (A/B) are indicated in counts per million (CPM) and promoters (C) in tags per million (TPM). 
The three most significantly enriched (**) or depleted primary cell types are indicated in the cell ontology 
table below the expression chart. 
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Figure 5.18) FANTOM5 expression data indicate enrichment of miR-34a in epithelial and endothelial cells but 
enrichment of the defined promoter predominantly in haematopoietic cell types. FANTOM5 expression data 
by cap analysis gene expression (CAGE) for miR-34a-5p (A) and its most likely promoter 
(p@chr1:9222986.9223005,-) as assigned by FANTOM5 (B). MicroRNA expression data (A) are indicated in 
counts per million (CPM) and promoters (B) in tags per million (TPM). The three most significantly enriched 
(**) or depleted primary cell types are indicated in the cell ontology table below the expression chart. 
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As discussed previously (Section 5.3.4), promoter identification for miR-590 was challenging 

owing to a lack of a canonical pri-miRNA gene or promoter-like features near the pre-

miRNA sequence. The FANTOM5 dataset assigned the EIF4H promoter (P1@EIF4H) as the 

most likely candidate, however, as determined in our qPCR analyses expression data for this 

promoter and for miR-590 were markedly disparate (Figure 5.12). Notably, miR-590 was 

enriched in leukocytes and haematopoietic cells (as well as meso-epithelial cells), whereas 

CAGE tags for these cell types were depleted for P1@EIF4H (Figure 5.19). Examination of 

the region surrounding the pri-miRNA sequence in the FANTOM5 zenbu browser revealed a 

possible miR-590-specific promoter (P1@MIR590), although this was located downstream of 

the pri-miRNA sequence and had a relatively low score (28.3) suggesting it is unlikely to be a 

true promoter (Table 5.3). 

5.3.6) Gene ontology analysis of putative miRNA target transcripts revealed 

enrichment in a variety of biological processes 
As our studied panel of miRNAs are expressed and have known targets in various B cell 

subsets we wanted to examine whether they may target sets of genes enriched in relevant 

pathways, such as B-cell receptor signalling. Despite the enrichment of miR-150, miR-155, 

miR-181 and miR-21 in various lymphoid cell types, gene ontology (GO) enrichment 

analysis of predicted target transcripts (via TargetScan 7.1) did not reveal any bias towards 

haematopoietic cell processes (Table 5.4). However, several broad signalling pathways, such 

as the transmembrane receptor protein tyrosine kinase signalling pathway and the MAPK 

cascade, were over-represented among the miR-21 target genes (Table 5.4). Other over-

represented processes broadly included; cell development and differentiation, regulation of 

transcription from RNA polymerase II promoters, and intracellular signal transduction. 

Similarly, putative miR-19 targets were enriched in signalling processes, transcription from 

RNAPII promoters, and a variety of other broad cellular functions (Table 5.4). Whilst some 

similarities were observed for miR-34 targets, there was a higher enrichment of genes 

involved in metabolic processing and synaptic transmission i.e. brain function (Table 5.4). 

Finally, miR-590 targets were over-represented in mRNA processing and DNA-dependent 

transcriptional activity, amongst others (Table 5.4). In sum, GO analyses revealed that each 

of the miRNAs included in this study are likely to target genes involved in a variety of 

biological processes such as cell growth and development, and are therefore unlikely to 

exhibit specific regulatory effects that are restricted to the B cell pathway.  
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Figure 5.19) FANTOM5 expression data indicate enrichment of miR-590 in haematopoietic cell types but 
promoter expression in endothelial cell types. FANTOM5 expression data by cap analysis gene expression 
(CAGE) for miR-590-3p (A) and its most likely promoter (p1@EIF4H) as assigned by FANTOM5 (B). MicroRNA 
expression data (A) are indicated in counts per million (CPM) and promoters (B) in tags per million (TPM). The 
three most significantly enriched (**) or depleted primary cell types are indicated in the cell ontology table 
below the expression chart. 
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Table 5.4) Gene Ontology for genes predicted to be targeted by particular miRNAs. Data generated using the 
PANTHER GO-Slim dataset and TargetScan 7.1 miRNA target predictions. 

miRNA # of target 
transcripts PANTHER GO-Slim Biological Process # of 

genes Expected Fold 
Enrich. P value 

miR-150-5p 351 
Cell cycle 31 13.93 2.23 8.36E-03 
Developmental process 50 26.84 1.86 4.24E-03 

miR-155-5p 552 

Regulation of transcription from RNA 
polymerase II promoter 40 14.51 2.76 3.51E-06 

Cell differentiation 28 12.15 2.30 1.27E-02 
Biosynthetic process 81 43.92 1.84 2.06E-05 
Intracellular signal transduction 47 26.47 1.78 3.09E-02 
Nitrogen compound metabolic process 94 64.46 1.46 3.04E-02 

miR-181-5p 1367 

Apoptotic process 51 29.11 1.75 2.93E-02 
Regulation of transcription from RNA 
polymerase II promoter 63 36.25 1.74 6.32E-03 

Cellular protein modification process 85 52.86 1.61 4.55E-03 
Intracellular signal transduction 97 66.15 1.47 3.62E-02 
Biosynthetic process 152 109.75 1.38 8.83E-03 

miR-21-5p 382 

Induction of apoptosis 6 0.72 8.28 2.45E-02 
Transmembrane receptor protein tyrosine 
kinase signalling pathway 12 2.73 4.39 6.26E-03 

MAPK cascade 20 5.96 3.36 6.45E-04 

miR-19-3p 1330 

Transmembrane receptor protein tyrosine 
kinase signalling pathway 23 9.62 2.39 3.76E-02 

Cell adhesion 45 21.40 2.10 1.09E-03 
MAPK cascade 43 20.95 2.05 3.11E-03 
Cytoskeleton organisation 48 24.14 1.99 2.25E-03 
Intracellular protein transport 77 43.81 1.76 5.55E-04 
Regulation of transcription from RNA 
polymerase II promoter 59 34.90 1.69 2.31E-02 

Cell-cell signalling 55 32.67 1.68 4.33E-02 
Vesicle-mediated transport 84 50.95 1.65 2.08E-03 
Developmental process 136 99.92 1.36 4.70E-02 

miR-34-5p 751 

Synaptic transmission 29 11.71 2.48 2.78E-03 
Regulation of phosphate metabolic process 35 17.10 2.05 1.81E-02 
Intracellular protein transport 44 24.56 1.7 4.59E-02 
Regulation of nucleobase-containing 
compound metabolic process 68 41.08 1.66 1.03E-02 

Intracellular signal transduction 59 35.69 1.65 3.44E-02 
Developmental process 85 56.00 1.52 2.31E-02 

miR-590-3p 8610 

mRNA processing 127 89.60 1.42 2.45E-02 
Transcription, DNA-dependent 249 196.63 1.27 3.59E-02 
Biosynthetic process 801 672.60 1.19 6.48E-05 
Nitrogen compound metabolic process 1165 987.22 1.18 5.41E-07 
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5.4 Discussion 
5.4.1) A small panel of miRNAs including miR-103, miR-30c and miR-140 

are better normalisers than RNU6B in haematopoietic cell types 
The selection of small RNA targets for normalisation of miRNA expression studies using 

qRT-PCR have long proved problematic due to the frequent high degree of variability 

between different cell subsets and tissue types554,555. As such, normalisers identified in one 

study are likely to show differential stability when assessed in alternate cell or tissue types or 

under variable experimental conditions554. Additionally, traditional normalisers used for qRT-

PCR such as ACTB, GAPDH and 18S rRNA have been deemed unsuitable as they belong to a 

different class of RNAs556. The U6 small nuclear RNA (snRNA), RNU6B, has historically 

been used quite extensively, although very little justification has been provided for this 

choice of reference557. In fact, snRNAs are typically transcribed using a different polymerase 

(RNAPIII) than most miRNA loci353. Accordingly, numerous studies comparing stability 

between cell types or in healthy and diseased states suggest this may not be the most 

appropriate reference gene556,558,559. Although RNU6B primers were provided with the 

miRNA reverse transcriptase kit for normalisation of our qRT-PCR data, this proved to be an 

unsuitable reference gene due to high Ct variability both within and between cell types. In 

many cases there was significant variability (up to 8 Cq difference) between biological cDNA 

replicates derived from the same cell line. These data therefore agree with existing literature, 

including a recent study by Das et al.556 in which high variability in Ct values for RNU6B 

were observed across a range of cancer cell lines. Similarly, RNU6B was excluded as a 

reliable reference gene for miRNA normalisation in Parkinson disease samples due to issues 

with efficiency and r2 values and low stability values560. Such observations are likely a 

reflection of inherent differences between different classes of RNAs (e.g. miRNAs, snRNA, 

and mRNAs), including variable storage stability, extraction efficiency and quantification 

efficiency561. One alternative which has been used to overcome such limitations is the spike-

in of synthetic miRNAs. This has proved beneficial for expression studies in human serum 

that are limited by low miRNA abundance and associated difficulties in selecting stably 

expressed reference candidates562. 

According to several studies, the most effective normalisation strategy requires experimental 

validation of stable reference genes in the specific tissues or sample types563–565. The 

availability of public small-RNA-Seq data in relevant primary haematopoietic cell types and 

cell lines353 proved invaluable for the characterisation of potential miRNA normalisers for 
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use in our study. Of the limited panel of candidates (35) we selected from Meyer et al.548 

based on existing literature, there existed a considerable amount of expression variability for 

some miRNAs across primary B and T cells and haematopoietic cell lines. Of the five most 

stable candidates from this pool (miR-15b, miR-25, miR-23b, miR-103, and miR-140), miR-

103 was supported by three separate publications, whereas each of the others were only cited 

by a single paper548. Overall, our findings suggested that together, miR-103, miR-140 and 

miR-30c are appropriate normalisers for use across a range of haematopoietic cell types. A 

study by Peltier et al.561 reported consistent expression of miR-103a-3p and several other 

miRNAs across 13 normal human tissues and 5 pairs of distinct tumour and normal adjacent 

tissues. This, combined with our data, suggest miR-103a-3p may represent a suitable 

candidate in a variety of different systems. Indeed, this miRNA has been described as a 

potential normaliser in several more recent studies in various samples including cancer cell 

lines, serum, and ovarian carcinoma tissue556,566, although other studies considering this 

miRNA have found it performs poorly558. One of these studies using cancer cell lines also 

considered miR-140(-3p), although it had to be removed from final consideration in their 

analysis due to a higher than acceptable amplification efficiency556. Although our final 

selected candidate, miR-30c(-5p) was not included in the original panel of considered 

normalisers derived from Meyer et al.548, several other family members were (miR-30b, miR-

30d and miR-30e) and miR-30c was itself acknowledged by Teruel-Montoya et al.353 in the 

original expression study. A study by Pescador et al.567 similarly identified this miRNA as a 

potential normaliser in serum samples although support from additional studies is limited. 

Interestingly, miR-30c had previously been reported as a kidney-specific miRNA species in 

early microarray studies568, but the data presented here and in Blondal et al.569 clearly indicate 

otherwise. To add further confidence to the use of the three miRNA normalisers presented, 

Blondal et al.569 note that each of these fall within a pool of 119 miRNAs most commonly 

found in serum and plasma (as based on miRBase V18.0 nomenclature).  

5.4.2) MicroRNA expression datasets have limited use for accurate 

comparison of miRNA expression between cell types 
MicroRNA expression patterns were generally similar across existing databases and datasets, 

although each of these had several drawbacks. For example, the Landgraf et al.552 data were 

based on small RNA libraries cloned from various tissues and cell types. Although each of 

the miRNA counts were normalised to the total number of miRNAs cloned in each library 

this strategy was limited by the cloning-based approach. Specifically, the process is low-



  

181 
 

throughput and is therefore unlikely to capture less abundant miRNAs with any real accuracy 

or comparability between cell types. The Teruel-Montoya et al.353 data were based on small 

RNA sequencing and therefore proved much better for the detection of rare miRNA species 

(e.g. miR-590) and for comparing between cell types when normalised to total RNA count. 

This normalisation strategy offers the benefit of normalising to a very large pool of miRNAs, 

but by the same logic is also limited by the extremely variable nature of miRNA expression 

between cell types. For example, although many miRNAs are known to be expressed at 

relatively low levels or in particular cell types555, highly expressed miRNAs were found to be 

expressed at several orders of magnitude higher than most targets. As the total miRNA pool 

is potentially quite variable between cell types, we therefore argue that our qPCR data using a 

pool of stably expressed miRNAs is a more accurate approach for comparison of miRNA 

expression between different cell types. 

5.4.3) Promoter chromatin accessibility profiles for many 

haematopoietically relevant miRNAs correlate with expression patterns  
The utility of chromatin structure analyses in the identification of miRNA promoters has been 

previously applied by Ozsolak et al. in 2008, where nucleosome mapping and promoter 

chromatin signatures were used to identify the proximal promoters of 175 human miRNAs540. 

An even earlier study by Cullen et al.570 suggested that the primary level of control of 

miRNA expression was transcriptional, and this concept has been expanded upon in more 

recent studies (reviewed in Baer et al.571). Indeed, the expression levels of many of the 

miRNAs examined in our study correlated well with chromatin accessibility at the defined 

promoter region. In particular, monocistronic miRNAs transcribed from annotated host genes 

(miR-150, miR-155 and miR-181a) correlated well with promoter chromatin accessibility as 

measured by ChART-PCR. Although miR-34 also fit these criteria, the FANTOM5 data544 

identified its promoter to be located a substantial distance from the TSS of the known host 

gene (MIR34AHG). However, FANTOM5 did not seem to use the full host gene 

(MIR34AHG) when assigning a promoter and thus selected the promoter closest to the 5’ end 

of the pri-miRNA sequence (P1@chr1:9222986-9223005) which is a full 20 kb away from 

the MIR34AHG TSS (data not shown). Examination of CAGE data within the region 

upstream of the MIR34AHG TSS (chr1:9,242,451) revealed an extensive number of 

alternative promoters. Several of these are on the forward strand, and thus are likely 

associated with transcription of the overlapping lncRNA transcript (LINC01759), whereas 

those detected on the reverse strand are likely to be associated with MIR34AHG. The most 



  

182 
 

highly expressed promoter was P1@uc009vmq.2, and had a promoter score ~10-fold higher 

than the annotated FANTOM5 promoter (1047.6 vs 102.7). Although expression profiles 

were not available for alternative promoters, the annotated FANTOM5 promoter was 

enriched in myeloid cells, phagocytes, and myeloid leukocytes which was inconsistent with 

expression data for miR-34a itself that suggested enrichment in epithelial and endothelial cell 

types. As our ChART-PCR data showed a strong correlation with miR-34a expression by 

qRT-PCR, we hypothesise that the promoter region defined by our analysis is indeed correct 

and is a key determinant of miR-34a expression levels. 

Although miR-21 and miR-590 are located intronically, the assignment of potential intragenic 

promoters based on promoter histone modification profiles proved highly successful in the 

case of miR-21, but less so for miR-590. The striking correlation between miR-21 expression 

and chromatin accessibility at the defined promoter suggested this region as important for cell 

type-specific transcriptional control of this miRNA. Furthermore, FANTOM5 CAGE data 

supported the promoter assignment and cell type-specific expression patterns. In agreement 

with previous studies540,572, the expression of miRNAs encoded by the same host gene (miR-

19a and miR-19b) were highly correlated. However, host gene (MIR17HG) promoter 

accessibility patterns were consistent between different cell types despite highly significant 

differences in miR-19 expression, and therefore suggest that there are additional mechanisms 

in place which control final miRNA copy number arising from this gene. In agreement with 

these findings, Fuziwara et al.573 acknowledge the importance of two major mechanisms 

involved in the regulation of mature miR-17~92 levels, including transcriptional (implicating 

promoter activation/ repression) and post-transcriptional through differential pri-miRNA 

processing. Overall, these observations raise intriguing possibilities for understanding how 

the expression of particular miRNAs are induced or primed throughout developmental 

pathways such as B cell differentiation. The novel detection of miRNA expression and/or 

promoter accessibility in particular haematopoietic cell subsets may also guide the discovery 

of new target genes and pathways. 

5.4.4) MicroRNA expression patterns are consistent with their known 

functions and targets in B cell development 

5.4.4.1) miR-150 

Overall, our data for well characterised B cell miRNAs miR-155, miR-150, and miR-181a 

indicated that their expression was largely restricted to B and T cells. For miR-150, 



  

183 
 

expression was highest in the T cell line (Jurkat), followed by the pre-B cell line (Reh) and a 

mature B cell line (Ramos), but it was not expressed in another mature B cell line (Raji) nor 

in terminally differentiated B cells (SKW). These results are consistent with the known role 

of miR-150 in B cell development in which it is crucial for buffering expression of the 

transcriptional activator, MYB, to within an appropriate range, thereby preventing aberrant B 

lymphopoiesis364. By the same mechanism, genetic deletion of miR-150 has been shown to 

cause increased expansion of B1 B cells upon BCR activation364. Indeed, our data suggest 

that miR-150 is expressed predominantly in early B cell development but is also capable of 

persisting in certain mature B cell subsets. miR-150 expression was not detectable in Raji 

cells (Figure 5.8), however as the mature B cell marker, CR2, is expressed at much higher 

levels in Raji than in Ramos299 it is likely that Raji represent a more differentiated mature B 

cell type in which miR-150 expression is no longer required. Based on MIR150 promoter 

accessibility data, miR-150 expression appears to be progressively reduced at the 

transcriptional level throughout the B cell developmental transition (Figure 5.8). High 

expression of miR-150 was also detected in the mature T cell line, Jurkat, consistent with 

previous observations that miR-150 is the most abundantly expressed miRNA in naïve CD8 

T cells574. Although miR-150 has previously been found to inhibit early T cell development 

by downregulating Notch373 our data indicate miR-150 may also play a role during later T 

cell development. This is supported by a recent study by Chen et al. that identified a role for 

miR-150 in the negative regulation of CD8 T cell memory formation in mice by targeting of 

c-Myb574. 

5.4.4.2) miR-155 

miR-155 is induced in response to BCR activation575 and plays an important role in fate 

commitment to plasma cells by downregulating genes (e.g. PAX5) that maintain B cell 

identity and the germinal centre response576. Specifically, miR-155 regulates activation-

induced deaminase (AID), an essential catalyst of CSR and SHM that is necessary for 

antibody maturation357. Accordingly, we found miR-155 to be expressed at very high levels 

in the plasma cell line, SKW. miR-155 was also detected in the Raji mature B cell line in 

which host gene promoter accessibility was similar to that in SKW cells. These data may 

therefore imply that the miR-155 host gene is primed for transcription in highly differentiated 

mature B cells. As we observed no expression or promoter accessibility in Ramos cells, it is 

likely that this effect is induced specifically in late-stage mature B cells. We also found 

evidence of miR-155 expression and promoter accessibility in pre-B cells, suggesting that in 
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addition to controlling CSR and SHM during plasma cell commitment, it may also act during 

early stages of pre-BCR formation. 

5.4.4.3) miR-181 

In the first study proving that miRNAs can modulate immune cell development, Chen et al.361 

showed that miR-181(a) was preferentially expressed in B-lymphoid cells of mouse bone 

marrow, and its ectopic expression in haematopoietic progenitors led to an increased fraction 

of B-lineage cells. More recent studies have identified a role for this miRNA in negative 

regulation of NF-κB signalling and it is implicated in large B-cell lymphoma pathogenesis577. 

The related miR-181b has also been shown to negatively regulate AID upon mature B cell 

activation362. Our data showed generally consistent miR-181a expression across a range of 

pre-B, early and late mature B, and plasma cells. Although the exact targets of miR-181a 

have not been defined, based on its role in B-lineage commitment and NF-κB signalling, it is 

likely that miR-181a plays a broad role in maintaining B cell growth and identity.  Within T 

cells, miR-181a has been described as a rheostat for tuning of T-cell receptor signalling 

through negative regulation of receptors and phosphatases (e.g. SHP2) involved in the 

signalling pathway357. It also functions in early T cell development374. Correspondingly, we 

observed high miR-181 expression and promoter accessibility in the T cell line, Jurkat 

(Figure 5.8). Considering the dual role of miR-181a in T cell development and receptor 

signalling, it is possible that miR-181 performs similar roles in B cells, especially as many of 

the TCR signalling components, such as the protein tyrosine phosphatase SHP2, are shared 

between these two cell types578. 

5.4.4.4) miR-19a/b 

Although the miR-17~92 cluster of miRNAs have been fairly well studied579, the individual 

roles of many of these miRNAs in B cell development, such as miR-19a and miR-19b, are 

not well established. Within B cells this cluster has been shown to be important for B-cell 

development and suggest a role in the control of proliferation, particularly during early B-

lineage commitment580. In our studies, expression of miR-19a/b was ubiquitous but variable 

across both B and non-B cell types and assessment of their host gene promoter indicated 

similarly ubiquitous patterns of chromatin accessibility. These observations are unsurprising 

considering the widespread and numerous roles of miR-17~92 cluster miRNAs in health and 

disease (reviewed by Mogalinsky and Rigoutsos579). We did, however, observe significantly 

higher expression of both miR-19a and miR-19b in the early mature B cell line, Ramos, and 

in the erythroid cell line, K562. These data suggest that miR-19a and miR-19b may play 
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additional roles specifically within these cell types and/or B-cell developmental stage. 

Monticelli et al.581 have observed that expression of miR-17~92 cluster miRNAs is increased 

in stimulated T cells, so we believe localised upregulation in particular cell populations may 

be induced by certain stimulatory signals. 

5.4.4.5) miR-34a 

miR-34a is interesting because it has been shown to block B-cell development at the pro-B to 

pre-B cell transition, whereas its deletion induces high numbers of mature B cells365. We 

observed a lack of miR-34a expression and promoter accessibility in pre-B and mature B 

cells fits with the known incompatibility between miR-34a expression and B cell 

development. Although our detection of miR-34a expression and promoter accessibility in 

plasma cells was initially surprising, Tsai et al. have identified this miRNA to function as part 

of a miRNA regulatory hub which downregulates BCL6 and BACH2 expression to modulate 

plasma cell differentiation582. Our results indicate that induction of miR-34a expression is 

highly correlated with miR-34a host gene promoter accessibility. In contrast to MIR155HG, 

however, the MIR34AHG promoter was not primed in late-stage mature B cells and its 

activation is therefore likely to be induced in response to plasma cell differentiation signals.  

5.4.4.6) miR-21 

miR-21 is a pleiotropic miRNA that has been described to control several major cell 

functions and is overexpressed in splenic B cells in multiple SLE mouse models583,584. 

Furthermore, expression of BLIMP1 and the subsequent initiation of plasma cell 

differentiation has also been shown to repress expression of miR-21, forming a feed-forward 

loop to allow for expansion of cells committed to the plasma cell fate585. Accordingly, we 

found high levels of miR-21 expression in the plasma cell line, SKW, but no expression in 

pre-B cells and early mature B cells. We did however, observe expression in the late mature 

B cell line, Raji, although this was approximately 3-fold lower than in SKW. As for 

MIR155HG, MIR21 promoter accessibility was high in Raji cells, indicating that late-stage 

mature B cells may prime several miRNA promoter loci for activation upon B cell activation 

and terminal differentiation. miR-21 is also a known negative regulator of T cell activation 

and is related to the T cell memory phenotype529, and so may perform similar, as yet 

uncharacterised, functions in B cells.  
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5.4.4.7) miR-590 

miR-590 plays a key role in cellular processes such as proliferation and differentiation, and is 

known to be abnormally expressed in a variety of tumours such as leukaemia, lymphoma and 

colorectal cancer586. Although the specific targets of miR-590 have not been defined, an 

intriguing observation has been made that target sites for this miRNA are over-represented in 

the 3’ UTRs of genes associated with the autoimmune disease SLE530. Despite the known 

correlation between SLE and B cell function, we did not find any evidence of high levels of 

miR-590 expression in B cells, perhaps questioning the sensitivity of the assay. However, 

miRNAs are known to be capable of repressing target genes even when their expression is 

orders of magnitude different587. Therefore, we cannot rule out a function for miR-590 in B 

cells and/or SLE pathogenesis. 
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Chapter Six – MicroRNAs 19a and/or 19b potentially regulate 
CR2 expression by targeting sequences within its 3’ UTR 

6.1 Introduction 
MicroRNAs may exert their function in a variety of ways, typically culminating in 

downregulation of the target gene588. Broadly, these effects can be categorised as ‘switch’, 

‘tuning’ and ‘neutral’589. The most common mechanism is likely switch regulation, which 

causes downregulation of the target below a specific functional threshold537. This occurs 

through the loading of a pre-miRNA duplex onto an Argonaute protein to form an effector 

complex termed an RNA-induced silencing complex (RISC)590. The processed mature 

miRNA subsequently guides the RISC to its target sequence and interacts via incomplete 

base pairing with the 3’ UTR of the target mRNA to repress translation or initiate mRNA 

cleavage591. This may lead to significant downregulation of the target gene, or may act to fine 

tune expression under specific cellular conditions. This is highlighted by the observation that 

rather than entirely switching off gene expression, miRNAs may reduce target gene 

expression by 1.2- to 4-fold592. Although miRNAs may also interact with other sequence 

features, such as the 5’ UTR, the vast majority of miRNA interactions occur through the 

binding of mature miRNAs to the 3’ UTR of target genes589. The nucleotides at position 2 to 

7 from the 5’ end of the miRNA are the most crucial for target recognition, and are termed 

the ‘miRNA seed’ 532. The downstream nucleotides, particularly nucleotide 8 and to a lesser 

degree nucleotides 13 – 16, also contribute to target base pairing strength532. 

Most mammalian mRNAs have been identified as conserved targets of miRNAs347, and 

several methods for prediction of miRNA targets have been developed, including the 

TargetScan551 and miRanda593 algorithms. Each of these methods are based on different 

underlying principles; TargetScan is the most advanced and up to date, and considers 14 

different features of the miRNA, miRNA site, or mRNA – including the sequence around the 

site – to predict which sites are most effectively targeted. Similarly, miRanda considers base 

pairing as well as secondary structure accessibility and conservation of the target site. 

Another method for predicting miRNA targets is by correlating high-throughput miRNA 

expression profiles with transcriptome data594,595. However, this is complicated by the fact 

that many miRNAs act predominantly at the protein level, and so may not demonstrate a 

correlation by comparison of transcription profiles alone (reviewed in Mehta et al.357). 

Furthermore, it is likely that multiple miRNAs and RNA-binding proteins (RBPs) act, 
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perhaps synergistically, to regulate the 3’ UTR of a single gene596,597. New approaches that 

use high-throughput sequencing of crosslinked RNA and protein, such as HITS-CLIP598 have 

begun to address such challenges, although further development is needed to help identify 

targets in a cell- and context-dependent manner. Since these high-throughput methods still 

have a number of limitations, alternative techniques like luciferase assays, Western blotting 

or qPCR remain the best methods to provide evidence of a functional association between a 

miRNA and its target(s) in vitro. The miRTarBase database599 represents one effort to 

catalogue miRNA-mRNA associations and assigns higher confidence to these methods over 

high-throughput methods such as microarray or next generation sequencing (NGS). The 

characterisation of such associations is important to understand how miRNAs control 

complex biological processes, such as cell development or immune system function. 

Enormous precision of gene expression is required in the immune response to maintain the 

balance between efficient immunity whilst maintaining tolerance530. The importance of 

miRNAs in the control of such pathways is highlighted by fact that a number of important 

regulators of B cell development or proliferation, such as BCL2, BIM, and PTEN, each 

contain over 50 miRNA target sites530. The CR2 protein is a marker of B cell maturity and is 

expressed at very specific stages of B cell development. Considering its tightly regulated 

expression patterns and its role in B cell signalling and autoimmunity, it follows that CR2 is a 

likely candidate for miRNA-mediated targeting. It was therefore of interest to determine 

whether any miRNAs functionally regulate CR2 expression via its 3’ UTR. We hypothesised 

that CR2 would be regulated by miRNAs that are known to be expressed during B cell 

development, and that we could identify miRNAs that have as yet undefined roles in B cells. 

Aims: 
1. Identify putative regulatory motifs within the CR2 3’ UTR. 

2. Characterise the functionality of predicted CR2 3’ UTR motifs, including miRNA 

target sites. 
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6.2 Methods 

6.2.1) 3’ UTR motif analysis and miRNA target prediction 
The full 772 nucleotide CR2 3’ UTR sequence was obtained from NCBI (RefSeq# 

NG_013006). Preliminary analysis was performed using RegRNA 2.0600 to predict miRNA 

binding sites and other regulatory RNA motifs. Additional miRNA binding sites were 

assessed using TargetScan v7.0551, Microcosm534 and the miRanda algorithm601.  

6.2.2) 3’ UTR luciferase constructs 
The luciferase reporter construct containing the -1250/+75 CR2 promoter (1.2 LUC) was 

prepared as described previously298 using the pGL3-Basic vector backbone (Promega, USA). 

The SV40 UTR was deleted using the Gibson Assembly Master Mix (NEB, USA) with 

primers SV40-Udel-F and SV40-Udel-R to generate 1.2LUC-SV40del. The CR2 3’ UTR was 

amplified by PCR and restriction enzyme ends added using primers CR2-UTR-F-BamHI and 

CR2-UTR-R-SalI. The amplified DNA was TA cloned into the TOPO 2.1 vector and 

subsequently sub-cloned into 1.2LUC-SV40del downstream of the luciferase cassette using 

BamHI/SalI to create the vector 1.2LUC-UTR (WT-UTR).  

WT-UTR deletions and mutants were generated using the QuikChange II mutagenesis kit 

(Stratagene, USA) with slight modifications (Section 6.2.3). Deletions were made such that a 

new BamHI site was created at the desired deletion site, followed by digestion with BamHI 

and re-ligation with T4 DNA ligase to remove the BamHI-flanked target sequence. Mutants 

were designed such that 5 bp of target miRNA seed sequence was mutated whilst also 

generating a novel restriction site for screening of successful mutants. For several putative 

miRNA sites, 2 bp mutants and corresponding negative (0 bp) mutagenesis controls were also 

prepared. Final sequences were checked against a comprehensive list of conserved 

mammalian UTR sequences602 to ensure no new miRNA or other UTR recognition motif was 

generated. All constructs were purified using a QIAprep spin miniprep kit (QIAGEN, USA) 

and screened by restriction digest and Sanger sequencing. Transfection-quality plasmid DNA 

was obtained using an EndoFree Plasmid Maxi kit (QIAGEN, USA) and diluted to 1 µg/µL 

for transfection (Section 2.4.4).  

6.2.3) Site directed mutagenesis PCR using Phusion Taq polymerase 
Site directed mutagenesis reactions were predominantly performed following the 

QuikChange II mutagenesis kit specifications, except that mutagenesis PCRs were optimised 
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using Phusion Taq polymerase (NEB, USA) in place of Pfu Ultra (highly comparable error 

rates; 4.4 x 10-7 and 4.3 x 10-7, respectively). Final reaction composition and cycling 

conditions were as follows: 

Reagent Initial conc. Final conc. Volume 
HF Buffer 5X 1X 10 µL 
dNTPs 10 mM 0.2 mM 1 µL 
DMSO 100% 5% 2.5 µL 
F+R primers 10 µM 0.2 µM 1 µL 
Phusion Taq  1 Unit 0.5 µL 
DNA 100 ng/uL 50 ng 0.5 µL 
dH2O  To 50 µL 34.5 uL 

 

 

 

 

Following PCR, samples were screened on a 1% agarose gel and, if a product was present, 

samples were digested by adding 1 µL DpnI (NEB, USA) to the remaining PCR mixture and 

incubating at 37°C for 2 h. A 3 µL aliquot was subsequently used to transform 50 µL XL-1 

blue super-competent cells and plasmid DNA isolated as outlined previously (Section 2.3.5). 

For deletions, 2 µg mutant plasmid DNA was digested using 20 U BamHI with NEBuffer 3.1 

in a 20 µL reaction volume by incubating at 37 °C for 1 h. Digested products were analysed 

by agarose gel electrophoresis to verify removal of BamHI-deleted fragments. The digested 

plasmid band was excised from the gel with a sterile scalpel on a Dark Reader (Clare 

Chemical Research, USA) with blue light excitation to minimise degradation of DNA ends. 

Gel fragments were weighed, dissolved in 3 volumes of Buffer QG, incubated at 50 °C for    

1 h and purified using a QIAquick gel extraction kit (QIAGEN, USA). Purified DNA was 

subsequently re-ligated using T4 DNA ligase (NEB, USA) using 50 ng DNA in a 20 µL 

reaction volume and incubated at RT for 15 min. A 3 µL aliquot of ligation mix was then 

used to transform 50 µL DH5α-TIR cells and plasmid DNA isolated as outlined previously 

(Section 2.3.5). A full list of mutagenesis primers can be found in Table 6.1. 

6.2.4) Restriction-end cloning to create miRNA target controls 
To determine whether miRNA inhibitors were successfully transfecting and binding to target 

miRNAs, oligonucleotides containing exact miRNA target sequences for miR-19a-3p and 

miR-34a-5p were cloned into pGL3-P and 1.2LUC vectors. Specifically, control 

oligonucleotides were designed against miRBase miRNA sequences with two copies  

Temperature Time Cycles 
98°C 3 min 1 
98°C 30 s 

18 55°C 1 min 
68°C 6.5 min (1 min/kb) 
4°C Hold - 
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Table 6.1) List of CR2 3’ UTR deletion, mutagenesis and sequencing primers. 

 

 

 

  

Primer name Sequence (5’-3’) Application 
SV40-Udel-F TGTAATTCTAGAGTCGGGGCGGATCCGTCGACCGATGCCC SV40 UTR deletion SV40-Udel-R GCCCCGACTCTAGAATTACACGGCGATCTTTCCGCCCTTC 
CR2-UTR-F-BamHI CGCGGATCCTCAGAAGACAAACTGGTGTGT Cloning of CR2 3’ UTR CR2-UTR-R-SalI GACGTCGACCAAAATAAGGCAAGTGTTGTATG 
UTR-DelA-Bam-F AGCGATCACTTCCTGGATCCACTTATTCTCAAGA UTR Deletion A (+144) UTR-DelA-Bam-R TCTTGAGAATAAGTGGATCCAGGAAGTGATCGCT 
UTR-DelB-Bam-F CTATAAACAATTACATGGATCCAAAAAGTTTTGCCCTT UTR Deletion B (+282) 
UTR-DelB-Bam-R AAGGGCAAAACTTTTTGGATCCATGTAATTGTTTATAG 
UTR-DelC-Bam-F TATCTGCTTTTGGTTAGGTTAGGATCCGTTTTTAATTATCTAA UTR Deletion C (+397) UTR-DelC-Bam-R TTAGATAATTAAAAACGGATCCTAACCAAAAGCAGATA 
UTR-DelD-Bam-F TGTTAATCATTTCATTGGATCCCTTACTGTTTGAGTTT UTR Deletion D (+522) UTR-DelD-Bam-R AAACTCAAACAGTAAGGGATCCAATGAAATGATTAACA 
UTR-DelE-Bam-F AATCCTAGAGATTTGGATCCCAATTCAGGCTTTG UTR Deletion E (+651) UTR-DelE-Bam-R CAAAGCCTGAATTGGGATCCAAATCTCTAGGATT 
UTR-DelF2-Bam-F AATAATGTGTACATTAGGGATCCAATAAATTGTAATTG UTR Deletion F (+743) UTR-DelF2-Bam-R CAATTACAATTTATTGGATCCCTAATGTACACATTATT 
19a-MUT-BamHI-F CACTCAGTGATTGCAATGGATCCAAGTTTTTTTAAATTATGGG miR-19a site 5bp mutant 19a-MUT-BamHI-R CCCATAATTTAAAAAAACTTGGATCCATTGCAATCACTGAGTG 
34a-MUT-EcoRI-F GATGGGAGCCCAGTTTCGAATTCATATACTCTTCAAGGAC miR-34a site 5bp mutant 34a-MUT-EcoRI-R GTCCTTGAAGAGTATATGAATTCGAAACTGGGCTCCCATC 
203A-MUT-EcoRV-F CCTCTGGTGGTGTTAATCGATATCTTTTTACCCTTACTTGG miR-203A site 5bp mutant 203A-MUT-EcoRV-R CCAAGTAAGGGTAAAAAGATATCGATTAACACCACCAGAGG 
203B-MUT-EcoRV-F GTTCTAGTTGCTTGTAAAGATATCCTTAATAATGTGTAC miR-203B site 5bp mutant 203B-MUT-EcoRV-R GTACACATTATTAAGGATATCTTTACAAGCAACTAGAAC 
371-5p-MUT-EcoRV-F TTACCCTTACTTGGGATATCTTTCTCTCACATTACTG miR-371 site 5bp mutant 371-5p-MUT-EcoRV-R CAGTAATGTGAGAGAAAGATATCCCAAGTAAGGGTAA 
216b-MUT-BglII-F GGGAATCAAGATTTAATCCTAAGATCTTGGTGTACAATTCAGGC miR-216b site 5bp mutant 216b-MUT-BglII-R GCCTGAATTGTACACCAAGATCTTAGGATTAAATCTTGATTCCC 
494-MUT-BglII-F ACAATTCAGGCTTTGGAAGATCTTTTAGCAGTTTTGTG miR-494 site 5bp mutant 494-MUT-BglII-R CACAAAACTGCTAAAAGATCTTCCAAAGCCTGAATTGT 
590-3p-MUT-BamHI-F AAGTTCTAGTTGCTTGTGGATCCTCACTTAATAATGTG miR-590 site 5bp mutant 590-3p-MUT-BamHI-R CACATTATTAAGTGAGGATCCACAAGCAACTAGAACTT 
19a-2bp-MUT-F CACTCAGTGATTGCAATTTATACAAGTTTTTTTAAATTATGGG miR-19a site 2bp mutant 19a-2bp-MUT-R CCCATAATTTAAAAAAACTTGTATAAATTGCAATCACTGAGTG 
19a-0bp-MUT-F CACTCAGTGATTGCAATTTGCACAAGTTTTTTTAAATTATGGG miR-19a mutagenesis 19a-0bp-MUT-R CCCATAATTTAAAAAAACTTGTGCAAATTGCAATCACTGAGTG 
590-2bp-MUT-F AAGTTCTAGTTGCTTGTAACGTTTCACTTAATAATGTG miR-590 site 2bp mutant 590-2bp-MUT-R CACATTATTAAGTGAAACGTTACAAGCAACTAGAACTT 
590-0bp-MUT-F AAGTTCTAGTTGCTTGTAAAATTTCACTTAATAATGTG miR-590 mutagenesis  590-0bp-MUT-R CACATTATTAAGTGAAATTTTACAAGCAACTAGAACTT 

19a-3p-positiveX2-F CTAGAACAACCAGCTAAGACACTGCCAGGTACCACAACCAGCT
AAGACACTGCCAT Positive control miR-19a 

target cloning 19a-3p-positiveX2-R CTAGATGGCAGTGTCTTAGCTGGTTGTGGTACCTGGCAGTGTC
TTAGCTGGTTGTT 

34a-5p-positiveX2-F CTAGATCAGTTTTGCATAGATTTGCACAGGTACCTCAGTTTTGC
ATAGATTTGCACAT Positive control miR-34a 

target cloning 34a-5p-positiveX2-R CTAGATGTGCAAATCTATGCAAAACTGAGGTACCTGTGCAAATC
TATGCAAAACTGAT 

Rv4 primer (Promega) GACGATAGTCATGCCCCGCG Sequencing of pGL3 vector 
CR2-UTR Seq2R CAGAGGAGGAAGCTACTATCAA Internal UTR sequencing 
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separated by an intervening KpnI site for spacing and screening purposes. Oligonucleotides 

were also constructed with overhangs to mimic XbaI restriction enzyme ends for direct 

cloning of annealed oligonucleotides into digested vectors (Table 6.1). Lyophilised 

oligonucleotides were resuspended to  100 µM in 1X Annealing Buffer (10 mM Tris-HCl pH 

7.5, 1 mM EDTA pH 8.0, 100 mM NaCl) and 2 µL of each oligo phosphorylated using 10 

Units T4 PNK (NEB, USA) in 1X T4 DNA ligase buffer (NEB, USA). Reactions were 

incubated at 37°C for 1 h to complete phosphorylation, followed by enzyme inactivation at 

65°C for 20 min. To anneal phosphorylated oligonucleotides, 5 µL of each phosphorylated 

oligonucleotide was combined and UltraPure dH2O added to a final volume of 100 µL. 

Reactions were incubated in a 95°C heat block for 3 min then cooled at a rate of 1°C per 

cycle (30 s) to 25°C. Annealed oligonucleotides were ligated into XbaI-digested and gel-

purified pGL3-P and 1.2LUC vectors using T4 DNA ligase (NEB, USA) in a 20 µL reaction 

incubated for 15 min at room temperature. Following transformation into DH5α competent 

cells, individual clones were purified, screened by restriction digest and sequencing, and 

subsequently purified for transfection using the QIAGEN EndoFree Plasmid Maxi kit 

(Section 2.4.4). 

6.2.5) Transfections and luciferase assays 

Prior to transfection, cells were cultured for 7 – 10 days to a density of 5 – 6 x 105 cells/mL 

(mid-log phase). Cells were seeded at a density of 5 x 105 cells per well in 24-well plates and 

transfected with 1 µg of plasmid DNA plus 50 ng of pRL-TK control vector (Promega, USA) 

using the ViaFect transfection reagent (Promega, USA) as per the manufacturer’s 

instructions. An optimal 4:1 ratio of lipid to DNA was determined empirically. Cells were 

incubated at 37°C with 5% CO2 for 24 h and cell lysates subsequently assayed for Firefly and 

Renilla luciferase using the Dual-Luciferase Reporter Assay system (Promega, USA). 

Luminescence was analysed using a Tropix TR717 luminometer (Applied Biosystems, USA). 

Firefly luciferase was normalised to Renilla luciferase and the activity of each deletion or 

mutant further normalised to that of the WT-UTR construct. Transfections were conducted at 

least in triplicate and statistical analyses performed using GraphPad Prism 6.0 (GraphPad 

Software, USA). 

6.2.6) miRNA inhibitor transfection 
Commercial inhibitors targeting mature miRNAs hsa-miR-19a-3p (Cat#AM10649), hsa-miR-

590-5p (Cat#AM11386) and hsa-miR-34a-5p (Cat#MH11030) were purchased from Ambion 
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(USA) as lyophilised pellets and resuspended in nuclease-free water to a final concentration 

of 100 µM. Initial pilot studies were performed either by co-transfection of inhibitor (10 nM - 

100 nM final concentration) with WT-UTR luciferase construct, or by transfection of 

inhibitors followed by direct assessment of endogenous target gene expression by qRT-PCR 

(Section 2.5.2) at 24, 48 and 72 h post-transfection. Transfections were conducted using 

optimised Nucleofection protocols available for each cell line (Lonza, Switzerland). To 

ensure successful uptake of inhibitors into cells, miRNA positive control targets were 

generated (Section 6.2.4) and transfected alongside inhibitors. Efficiency of inhibitor 

transfection and targeting was assessed by measuring luciferase activity of positive control 

target constructs with or without inhibitor co-transfection. Several alternate transfection 

reagents, including ViaFect (Promega, USA), Lipofectamine 2000 (Life Technologies, USA) 

and Dharmafect Duo (GE, USA), were also trialled. 

6.2.7) miRNA overexpression 
To overcome issues associated with transfection of small-molecule miRNA inhibitors into 

desired cell lines, commercial miRNA overexpression (miR-OX) constructs carrying miRNA 

enhanced green fluorescent protein (E-GFP) and geneticin (G418) selection cassettes as well 

as miRNA overexpression elements for miR-19a, miR-590 or pCMV-MIR backbone only 

(Cat# SC400253, SC400568 and PCMVMIR, respectively) were obtained from Origene 

Technologies (USA). To achieve sufficient quantity for transfections, plasmid DNA was used 

to transform DH5α cells and individual clones purified and screened as described previously 

(Section 2.4.3). For initial experiments, constructs were co-transfected alongside WT-UTR 

into cell lines using ViaFect (Section 6.2.5) and then harvested and assayed for luciferase at 

24 h, 48 h and 72 h time points. For establishment of stable miRNA overexpression 

populations, kill curves for cell lines (Raji, K562) were first conducted using 0 – 1000 µg/mL 

G418 and measuring subsequent cell growth and viability (Section 2.2.1) every 24 h for a 

period of 7 days. Media changes were performed every 2 - 3 days as necessary. Optimal 

selection dosages were defined as the quantity of antibiotic that induced cell death in >90% 

of cells within 5 – 7 days. Once optimal antibiotic dosages had been determined, 1 µg of each 

miR-OX construct was transfected into cell lines using ViaFect as described previously 

(Section 6.2.5). A control construct comprising the same vector backbone but no miR-OX 

cassette (pCMV-MIR) was transfected alongside to generate a negative control cell 

population. At 1 – 2 days post-transfection, growth media was replaced with selective media 

containing G418 at the appropriate selective concentration (1000 µg/mL for both Raji and 
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K562). After 4 weeks of selection, G418 concentration was reduced to a maintenance dose of 

200 µg/mL and cells cultured for an additional 4 weeks. Cells were passaged at regular 

intervals as appropriate based on growth patterns. Enrichment of positive transfectants was 

periodically assessed by monitoring of GFP using an EVOS FL Cell Imaging System (Life 

Technologies, USA). Where more quantitative measures of GFP expression were required, 

unstained cells were analysed by flow cytometry (Section 6.2.8) with baseline fluorescence 

levels set using non-transfected cells. Flow cytometry and RNA extractions were performed 

after 8 weeks total culture time. 

6.2.8) Flow cytometry 
For each analysis, 1 x 106 cells per reaction were harvested by centrifugation at 300 g for      

5 min at 4°C and washed twice in fresh ice-cold stain buffer (1x DPBS + 5% FBS). The 

supernatant was removed completely, cells resuspended in 80 µL stain buffer per reaction, 

and aliquoted into 1.5 mL protein lo-bind tubes. For antibody staining, 20 µL of CD21-PE 

(Cat#555422) or IgG-PE isotype control (Cat#555749) antibody was added (as per 

manufacturer guidelines) and samples incubated on ice for 20 min protected from light. Cells 

were then washed twice in 1 mL ice-cold stain buffer, pelleted by centrifugation and 

resuspended in 1 mL stain buffer (final 1 x 106 cells/mL). Unstained cells were simply 

washed twice and resuspended in 1 mL stain buffer. All samples were stored on ice, protected 

from light, and analysed within 3 h of preparation on a BD Accuri C6 flow cytometer (BD 

Biosciences, USA). PE-tagged antibody staining was detected using the FL2 channel (488 nm 

laser) and GFP measures captured on the FL1 channel (488 nm laser). A minimum of 10,000 

events were collected per sample and final gating and analyses were performed using FlowJo 

vX (Tree Star, Inc., USA). 

6.2.9) miRNA expression datasets and quantification by qRT-PCR 
Several public databases and datasets were used to assess miRNA expression across cell 

types (Section 5.2.1). miRNA quantification was performed as outlined previously (Section 

5.2.2). 
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6.3 Results 

6.3.1) Presence of the CR2 3’ UTR sequence results in decreased reporter 

activity in a range of cell lines 
Luciferase reporter constructs were used to examine the potential impact of the CR2 3’ UTR 

on expression. Several cell types were used, including CR2-expressing mature B cells (Raji, 

Ramos) and a T cell line (Jurkat) that expresses CR2 at low levels (Figure 6.1 A). A CR2 

non-expressing pre-B cell line (Reh) and a non-B cell line (K562) were also tested. Although 

K562 is of the erythroid lineage and does not express CR2 protein, very low levels of CR2 

transcript can be detected in this cell line (Figure 6.1 A). To more accurately recapitulate 

endogenous differences in (CR2) expression between the various cell types, the 1.2 kb CR2 

promoter was used to drive luciferase expression (1.2LUC). Replacement of the SV40 UTR 

with the CR2 3’ UTR sequence (wild-type UTR; WT-UTR) resulted in a significant decrease 

in reporter activity across all tested cell lines. The decrease in activity was most prominent in 

K562 cells, in which luciferase activity was 7.01-fold lower in the presence of the CR2 3’ 

UTR than the SV40 3’ UTR (p = 0.003, n = 3; Figure 6.1 B). In Raji cells a more modest, but 

statistically significant, 3.7-fold decrease in luciferase activity was observed in the presence 

of the CR2 3’ UTR (p = 0.023, n = 3; Figure 6.1 B). Decreases were also seen with the CR2 

3’ UTR in Ramos (3.89-fold, n = 1) and Reh (1.61-fold, n = 1), although statistical 

significance could not be assessed as only a single replicate was performed. When comparing 

normalised CR2 WT-UTR activity between cell lines, K562 demonstrated the lowest level of 

activity (0.204 ± 0.01, n = 13), followed by Ramos (1.607 ± 0.10, n = 12), Raji (2.176 ± 0.08, 

n = 15), Jurkat (2.495 ± 0.11, n = 13) and Reh (4.201 ± 0.16, n = 12) (Figure 6.1 C). These 

results indicate that the CR2 3’ UTR likely contains repressive sequences which reduce 

reporter expression and thus may have a similar effect on CR2 transcript abundance in an 

endogenous setting. 

6.3.2) Deletion analysis delineated a potential cell type-specific repressive 

region within the CR2 3’ UTR 
To establish functional regions within the CR2 3’ UTR, nucleotides were progressively 

deleted from the 5’ end at approximately 120 bp intervals (Figure 6.2). Many of the tested 

deletions (+144, +282 and +397) resulted in minor fluctuations in reporter activity which did 

not differ significantly from the full-length UTR construct (WT-UTR) [Figure 6.3]. In 

contrast, both the +522 and +743 deletion constructs conferred decreased reporter gene 
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Figure 6.1) The CR2 3’ UTR decreases reporter gene activity across a range of cell lines with differential CR2 
expression patterns. A) CR2 transcript abundance in pre-B (Reh; yellow), mature B (Raji; red and Ramos; 
orange), T cell (Jurkat; green) and erythroid (K562; blue) cell lines. Expression values were normalised to the 
ACTB and GAPDH housekeeping genes using the comparative Ct (ΔCt) method, n = 3. B) Dual luciferase assay 
results for 1.2LUC (CR2 promoter + SV40 UTR) and WT-UTR (CR2 promoter + CR2 UTR) constructs in K562 
(blue) and Raji (red). Data represent Firefly luciferase measures normalised to Renilla luciferase internal 
control; *p ≤ 0.05, **p ≤ 0.01, n = 3. C) Comparative (normalised) activities of WT-UTR constructs transfected 
into K562 (blue), Raji (red), Ramos (orange), Reh (yellow) and Jurkat (green) cell lines, n ≥ 10. 
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Figure 6.2) The majority of predicted CR2 3’ UTR regulatory motifs are positioned near the 3’ end. The full 
772 nt CR2 3’ UTR sequence (cloned to generate WT-UTR). The position of UTR deletions (+114, +282, +397, 
+552, +651 and +743) are indicated by vertical lines. Regulatory RNA motifs identified by RegRNA 2.0 are 
underlined (K-box, MBE) or wavy underlined (PolyA signal). miRNA binding sites predicted by TargetScan v7.0, 
miRanda and/or Microcosm are also labelled; seed sequences are represented by solid underlines and the rest 
of the miRNA target sequence by dotted underlines. Known single nucleotide polymorphisms (SNPs) are 
indicated by arrows and labelled relative to the first position of the UTR sequence. Possible alleles are 
indicated above each SNP. 

 
 1 TCAGAAGACA AACTGGTGTG TGCCTCATTG CTTGGAATTC AGCGGAATAT TGATTAGAAA  

 
      61 GAAACTGCTC TAATATCAGC AAGTCTCTTT ATATGGCCTC AAGATCAATG AAATGATGTC  
 
     121 ATAAGCGATC ACTTCCTATA TGCACTTATT CTCAAGAAGA ACATCTTTAT GGTAAAGATG  
 
     181 GGAGCCCAGT TTCACTGCCA TATACTCTTC AAGGACTTTC TGAAGCCTCA CTTATGAGAT  
 
     241 GCCTGAAGCC AGGCCATGGC TATAAACAAT TACATGGCTC TAAAAAGTTT TGCCCTTTTT 
  
     301 AAGGAAGGCA CTAAAAAGAG CTGTCCTGGT ATCTAGACCC ATCTTCTTTT TGAAATCAGC  
 
     361 ATACTCAATG TTACTATCTG CTTTTGGTTA TAATGTGTTT TTAATTATCT AAAGTATGAA  
 
     421 GCATTTTCTG GGGTTATGAT GGCTTTACCT TTATTAGGAA GTATGGTTTT ATTTTGATAG  
 
     481 TAGCTTCCTC CTCTGGTGGT GTTAATCATT TCATTTTTAC CCTTACTTGG TTTGAGTTTC  
 
     541 TCTCACATTA CTGTATATAC TTTGCCTTTC CATAATCACT CAGTGATTGC AATTTGCACA  
 
     601 AGTTTTTTTA AATTATGGGA ATCAAGATTT AATCCTAGAG ATTTGGTGTA CAATTCAGGC  
 
     661 TTTGGATGTT TCTTTAGCAG TTTTGTGATA AGTTCTAGTT GCTTGTAAAA TTTCACTTAA 
  
     721 TAATGTGTAC ATTAGTCATT CAATAAATTG TAATTGTAAA GAAAACATAC AA 

 +114 

 +282 

 +397 

 +552 

 +651 

 +743 

+325 C/T 

+444 C/T 

miR-34a/c/449a/b 

miR-448 

miR-203(1) miR-371-5p 

miR-19a/b 

miR-216b 

K-box 

MBE 

miR-590-3p 

PolyA signal 

miR-494 

WT-UTR 
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Figure 6.3) Deletion of the +522 to +651 region of the 772 nt CR2 3’ UTR resulted in a cell type-specific increase in reporter activity. Deletion constructs with increasing 
portions of the CR2 3’ UTR sequence removed (from the 5’ end) were transfected into multiple cell lines; K562 (blue), Raji (red), Ramos (orange), Reh (yellow) and Jurkat 
(green). Activity of each construct was normalised to its internal control (Renilla) and then to the WT-UTR from the same replicate. Data are displayed as mean 
(normalised) activity ± SEM. Each construct was compared to the WT-UTR (statistical difference indicated next to bar) or other deletion construct (compared constructs 
indicated by lines) using a Student’s unpaired t-test; *p ≤ 0.05, **p ≤ 0.01, n ≥ 3. 
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activity across all cell types tested (+522 deletion construct: p-values: K562 p = 0.024, Raji   

p = 0.016, Ramos p = 0.148, Reh p = 0.02, Jurkat p = 0.031); +743 deletion construct: K562 

p = 0.0005, Raji p < 0.0001, Ramos p = 0.0019, Reh p = 0.0057, Jurkat p = 0.0014)      

[Figure 6.3]. The 522-DEL produced a consistent 60 – 70% reduction in luciferase activity, 

whilst the 743-DEL reduced activity to 10 − 20% of WT-UTR levels across all cell types. 

Relative to WT-UTR levels, the activity of the other deletion constructs did not differ greatly 

when comparing cell types.  

An approximately 2-fold increase in reporter activity was observed in K562, Raji and Ramos 

cells when comparing the +522 and +651 deletions (K562, p = 0.0023; Raji, p = 0.0083; 

Ramos, p = 0.0926) [Figure 6.3]. Although in Ramos the difference did not reach 

significance due to high variability between replicates, values were consistently higher than 

WT-UTR and 522-DEL and recapitulated the findings from Raji and K562. The activity 

between these constructs did not significantly differ in Reh or Jurkat (Reh, p = 0.0979; 

Jurkat, p = 0.0768). The subsequent deletion of an additional 92 bp (+651 to +743) resulted in 

highly significant decreases in activity across all cell lines (K562, p = 0.0002; Raji                 

p = 0.0003; Ramos, p = 0.0086; Reh, p = 0.0011; Jurkat, p = 0.0003) [Figure 6.3]. Taken 

together, these data indicate that the +522 to +651 region (and possibly +651 to +743) of the 

CR2 3’ UTR may contain repressive sequences, such as miRNA-binding sites. 

6.3.3) Motif analysis identified multiple miRNA binding sites within the CR2 

3’ UTR 
Following deletion luciferase assays, motif analysis and miRNA target prediction were 

performed to further refine the specific sites within the CR2 3’ UTR which could be 

contributing to the observed decrease in reporter gene activity (Section 6.3.2). Using 

RegRNA 2.0, we identified several putative sequence features, including a K-box element 

(+685 to +690), a Musashi box element (MBE; +731 to +736) and a PolyA signal (+743 to 

+772) [Figure 6.2]. MicroRNA target prediction tools identified >20 miRNA binding sites 

within the CR2 3’ UTR (Table 6.2).When assessing likely candidates, miRNA sites that were 

identified by multiple algorithms or exhibited high confidence scores by any one method 

were prioritised. In addition, particular weight was placed on TargetScan context++ scores, 

which have been shown to be more predictive than any other published model551. 

Both miR-34 and miR-19 sites exhibited high scores, with the miR-34 site ranking within the 

97th percentile and the miR-19 site within the 99th percentile. The TargetScan prediction also 
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provided a probability of conserved targeting (PCT) score for miR-19 targeting of >0.75, 

which was suggestive of evolutionary site conservation. miR-19 also generated high scores 

from other methods including the mirSVR (downregulation) score and Microcosm (target 

complementarity) prediction (Table 6.2). Alongside miR-216b and miR-371-5p, the miR-19 

site was also positioned within the +522 to +651 region that resulted in markedly increased 

activity when deleted in the prior reporter assays. Therefore, sites for miR-19 and miR-34 

were selected for more thorough analyses due to high conservation and strong confidence 

scores. It is also worth noting that these miRNAs had also been previously identified to play 

known roles in B cell development (Chapter 5). miR-203 and miR-590 sites were also chosen 

for further analysis based on prediction by all algorithms with promising scores, particularly 

by Microcosm (both sites ranked within top 5) [Table 6.2]. 

6.3.4) Several CR2 3’ UTR miRNA mutants demonstrated potential 

functionality 
As the ‘seed’ sequence at positions 2 to 7 from the 5’ end of a miRNA is crucial for efficient 

miRNA-mediated targeting532, we generated 5 bp seed sequence mutants for predicted 

miRNA target sites within likely functional CR2 3’ UTR regions. It has been previously 

shown that even point mutations603 or SNPs604 within miRNA seed sequences are capable of 

disrupting 3’ UTR regulation, so we reasoned that mutagenesis of 5 bp of this seed sequence 

should completely abrogate miRNA-target interactions. A summary of these mutants can be 

found in Figure 6.4. Many of the 5 bp miRNA seed mutants did not affect reporter activity, 

including: miR-34, miR-203(A), miR-203(B), miR-371, miR-494 and miR-216b (Figure 6.5). 

As the presence of multiple miRNA binding sites for the same miRNA often leads to 

synergistic repression605 a double mutant (DM) for miR-203 was also constructed (miR-203 

DM). As for single mutants, the double mutant construct did not result in a significant 

difference in luciferase activity relative to the WT-UTR control construct (Figure 6.5).  

Of the four miRNA sites within the +522 to +651 region (miR-371, miR-494, miR-19, miR-

216b), only miR-19 MUT increased reporter activity (Figure 6.5). Interestingly, differences 

were cell type-specific and correlated with observations for the +522 to +651 deletion 

described previously (Section 6.3.2). The increase in activity was most pronounced in K562 

(1.862 ± 0.11, p = 0.0006, n = 4), followed by Raji (1.515 ± 0.15, p = 0.0158, n = 6) and 

Ramos (1.392 ± 0.17, p = 0.03, n = 6). Marginally increased activity was also observed in 

Reh (1.255 ± 0.08, n = 5) and Jurkat (1.287 ± 0.08, n = 5), although these differences were   
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Table 6.2) Summary of results from miRNA target predictions for the CR2 3’ UTR. Alignments show direct 
matches of nucleotides between the miRNA and UTR sequence (solid line) and G-U wobble pairs (dotted). 
Prediction scores from three different algorithms are shown: mirSVR (downregulation), Targetscan (sequence 
context) and Microcosm (complementarity). Sites predicted by all three methods are indicated in bold. 

miRNA match 3’ UTR/miRNA Alignment (miRanda) mirSVR 
score 

TargetScan 
score 

Microcosm 
score 

miR-448 

 

-0.8300 -0.16 N/A 

miR-34a 

 

-1.1029 -0.43 N/A 

miR-34c-5p 

 

-1.1029 -0.44 N/A 

miR-449a 

 

-1.1099 -0.41 N/A 

miR-449b 

 

-1.1099 -0.43 N/A 

miR-203(1) 

 

-0.9542 -0.11 19.51 

miR-371-5p 

 

-0.7495 -0.11 16.69 

miR-19a 

 

-1.2085 -0.51 16.67 

miR-19b 

 

-1.2085 -0.51 16.67 

miR-216b 

 

-0.7426 -0.14 16.32 

miR-494 

 

-0.4564 -0.02 N/A 

miR-590-3p 

 

-0.5742 -0.02 16.94 

miR-203(2) 

 

-0.1015 N/A N/A 
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Figure 6.4) MicroRNA site mutants abolish conserved seed binding sequences. Mature miRNA (middle) 
pairing with wild-type CR2 3’ UTR (upper) and miRNA mutant (lower) sequences. Solid lines indicate exact base 
pairing and dotted lines represent G-U wobble positions outside of the ‘seed’ region. Both 5 bp mutants (A) 
and 2 bp mutants (B) are shown. miR-203 double mutant was also constructed by mutating both miR-203A 
and miR-203B sites. 
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Figure 6.5) CR2 3’ UTR 5 bp miRNA target site mutants for miR-19 and miR-590 show cell type-specific functional differences. Luciferase assay data for 5 bp miRNA target 
site mutants in K562 (A), Raji (B), Ramos (C), Reh (D) and Jurkat (E) cell lines, n ≥ 3. Data were normalised to the Renilla internal control and then to the WT-UTR construct 
(black) and average values plotted ± SEM. Single miRNA site mutants are indicated in light grey and double mutants (miR-19/590 and miR-203 DM) in dark grey. Statistical 
differences to WT-UTR were assessed using a Student’s unpaired t-test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).  



  

 
 

204 

 

 

Figure 6.6) 2 bp miRNA mutants only recapitulated 5 bp mutant findings in the erythroid cell line, K562. Luciferase assay data for 2 bp (light grey) and 5 bp (dark grey) 
miRNA site mutants and 0 bp mutagenesis control constructs (black) in K562 (A), Raji (B), Ramos (C), Reh (D) and Jurkat (E) cell lines, n = 3. Data were normalised to the 
WT-UTR construct and statistical differences assessed using a Student’s unpaired t-test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). 
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not statistically significant (Reh p = 0.0793, Jurkat p = 0.0719). These observations were 

recapitulated using an independent miR-19 clone (data not shown) and further extended using 

both 2 bp and 5 bp mutants and incorporating 0 bp mutagenesis controls. In these assays, 

findings for miR-19 5 bp mutants were once again replicated (Figure 6.6), although the 2 bp 

mutant only retained functionality in K562 (1.802 ± 0.17, p < 0.0001, n = 4) [Figure 6.6 A]. 

As potential miRNA targeting within the +651 to +743 region was difficult to discern from 

deletion studies, each of the predicted miRNA sites within this interval were also assessed 

(miR-203-B and miR-590). As mentioned previously, miR-203 had no impact, whereas miR-

590 MUT activity was significantly higher specifically in lymphoid cell lines (Raji 1.80 ± 

0.19, p = 0.0029; Ramos 2.81 ± 0.54, p = 0.0007; Reh 1.86 ± 0.24, p = 0.0060; Jurkat 1.42 ± 

0.10, p = 0.0251), but not in K562; 1.21 ± 0.06, p = 0.0964 (Figure 6.5). The effect was most 

significant in each of the B cell lines, although these findings were not evident using 2 bp 

mutants (Figure 6.6). 

2 bp mutants and 5 bp double mutants were also constructed for miR-19 and miR-590. In 

most cases, the double mutant demonstrated higher activity than each of the single miRNA 

mutants (Figure 6.5 A). As for miR-590 single mutants, increases were most pronounced in 

the B cell lines (Raji 2.354 ± 0.34, p = 0.0023, n = 7; Ramos 4.536 ± 0.55, p < 0.0001, n = 7; 

Reh 2.399 ± 0.15, p < 0.0001, n = 7) [Figure 6.5]. A similar trend was observed for Jurkat 

although the difference relative to WT-UTR was much less striking (1.642 ± 0.12,                 

p = 0.0043, n = 5), and corroborated data from each of the single mutants (Figure 6.5 E). One 

exception to this trend was that the miR-19/590 double mutant showed an approximately 2-

fold increase in activity in K562 (1.915 ± 0.10, p = 0.0002, n = 5) which was not substantially 

higher than the miR-19 single mutant alone. However, the miR-590 single mutant had 

notably lacked functionality when assessed in K562 (Figure 6.5 A). The results of the 5 bp 

double mutants in K562 cells were further corroborated using 2 bp double mutants, whereby 

the 2 bp mutant actually resulted in a more prominent increase in activity (2.535 ± 0.49, n = 

3) than the 5 bp mutant (1.911 ± 0.25, n = 6), relative to WT-UTR (p = 0.0002) or the 0 bp 

mutagenesis control (p = 0.0420) [Figure 6.6]. The 2 bp double mutants reduced the impact 

compared to the 5 bp mutants in Raji (1.617 ± 0.25, p = 0.0063, n = 3) and Jurkat (1.373 ± 

0.09, p = 0.0015, n = 4) and did not significantly differ from the 0 bp mutagenesis controls or 

WT-UTR in Ramos (1.515 ± 0.28, p = 0.0989, n = 3) or Reh (1.025 ± 0.09, p = 0.8312, n = 4) 

[Figure 6.6]. 
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In summary, these data provide strong evidence for miR-19-mediated targeting of the CR2 3’ 

UTR. This effect was most pronounced in the erythroid cell line, K562, but was also apparent 

in mature B cell types. Data were also suggestive of miR-590 functionality across a range of 

cell types and its effect was even more pronounced when combined with miR-19 site 

mutants. These miRNAs were therefore prioritised for further testing. 

6.3.5) MicroRNA expression data were useful in the prioritisation of 

candidate miRNAs for further analysis 
As many predicted miRNA target sequences within the CR2 3’ UTR did not demonstrate 

functionality in 5 bp mutagenesis assays, we decided to examine whether this may be due to a 

lack of expression of these miRNAs in tested cell types. We found that for many of the 

putative CR2 3’ UTR target miRNAs, including miR-203, miR-371, miR-494, and miR-

216b, no expression was detected in any of our analysed cell types using the microRNA.org 

and haematopoietic cell type small-RNA-Seq datasets (data not shown). Furthermore, these 

target miRNAs were not detected in blood and plasma tissue types using miRmine data (data 

not shown). miR-34a was only detected in SKW and HepG2 cells by qPCR but not in any of 

the B cell lines used in CR2 3’ UTR studies (Section 5.3.4). These data therefore correlated 

with the lack of miR-34a site functionality in prior luciferase assays (Section 6.3.4). 

Subsequent analysis of luciferase mutagenesis constructs in HepG2 cells was considered, but 

not pursued further as CR2 expression was undetectable in these cells (Section 4.3.8) and 

therefore findings would not recapitulate the endogenous system. Expression patterns for 

miR-590 indicated low, but detectable, levels of expression in Reh cells and CD19+ primary 

B cells using Landgraf et al.552 expression data (Section 5.3.3). Expression was also 

detectable in both blood (2.14; n = 1) and plasma albeit at much lower average levels than 

well-characterised immune miRNAs, and expression patterns were highly variable (0 – 8.3, 

median = 0.455; n = 24) (Section 5.3.3). miR-19a and miR-19b were highly, but variably 

expressed across each of the analysed cell types (Section 5.3.3). The subsequent analysis of 

miR-19a/b and miR-590 expression by qRT-PCR confirmed miR-19a/b expression across a 

range of cell types, with highest expression in K562 (Section 5.3.4). Only low levels of miR-

590 were detected across all cell types (Section 5.3.4). 

In summary, expression data confirmed a lack of miRNA expression for candidates which did 

not demonstrate functionality in mutagenesis assays. Despite lack of functional evidence for 

miR-34a targeting of the CR2 3’ UTR, it was still included in further analyses as a negative   
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control. In contrast, the most promising candidate, miR-19 was highly expressed in cell lines 

which showed effects in mutagenesis assays. miR-590 was only expressed at low levels 

across all cell types. However, as 5 bp site mutants were promising across all cell types, and 

because even small quantities of miRNAs are capable of mediating downregulation, we chose 

to include miR-590 in further validation studies. 

6.3.6) Transfection of microRNA inhibitors showed no effect on CR2 3’ UTR 

activity or endogenous CR2 expression 
As several candidate miRNAs yielded promising results via predictive algorithms (miR-34) 

and/or mutagenesis assays (miR-19, miR-590), commercial inhibitors were tested alongside 

WT-UTR and miRNA mutant constructs at recommended concentrations of 10 – 100 nM. 

Despite both miR-19 and miR-590 demonstrating potential functionality by mutagenesis, 

inhibitors for these miRNAs did not significantly impact WT-UTR activity in any of the cell 

lines tested (data not shown). Similarly, the miR-34a inhibitor did not affect WT-UTR levels 

compared to no inhibitor and scrambled inhibitor-transfected cells (data not shown). Inhibitor 

transfection followed by CR2 quantification by qRT-PCR was also conducted using the miR-

19a inhibitor at 100 nM concentration in Raji and K562. Similar to findings from luciferase 

assays, the inhibitors did not significantly affect CR2 expression levels (data not shown).  

Although no differences were observed in either assay, there was no positive control 

available to assess whether the inhibitors were successfully transfecting and/or inhibiting 

miRNA function. To overcome these issues, positive control constructs for miR-19a and 

miR-34a containing multiple exact miRNA target sequences were transfected alongside 

inhibitors. As for WT-UTR constructs, no difference between inhibitor-transfected or 

scrambled (control) inhibitor-transfected assays were observed (data not shown). Each of 

these assays were performed using optimised Nucleofection protocols which have previously 

been shown to be the most successful method for delivery of DNA into haematopoietic cell 

lines606. Similar difficulties were also encountered upon testing of co-transfection of         

WT-UTR and inhibitors using a range of alternative transfection reagents from different 

manufacturers, including: ViaFect (Promega, USA), Lipofectamine 2000 (Life Technologies, 

USA), and DharmaFect Duo (GE, USA) [data not shown]. Overall, results were inconclusive 

due to technical issues with miRNA inhibitor delivery. 
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6.3.7) Co-transfection of miRNA overexpression constructs with CR2 3’ UTR 

constructs did not affect reporter activity 
Due to technical challenges associated with transfection of microRNA inhibitors, it was 

hypothesised that similar difficulties would be encountered attempting to transfect similarly-

sized microRNA mimics. Consequently, miRNA overexpression constructs were instead used 

to drive miRNA overexpression (OX) and their repressive effect on the CR2 3’ UTR 

measured by co-transfection with the WT-UTR or miR-19-MUT construct in Raji cells 

(which express both miR-19 and CR2). Whilst prior differences between WT-UTR and miR-

19a-MUT were successfully recapitulated (Figure 6.7 A), no differences in WT-UTR activity 

in the presence of miR-19-OX or miR-590-OX were observed relative to co-transfection with 

pCMV-MIR (OX construct backbone) at 24 h (19-OX 1.079 ± 0.07, p = 0.3460, n = 3;      

590-OX 1.069 ± 0.08, p = 0.4674, n = 3) or 48 h (19-OX 1.131 ± 0.16, p = 0.4673, n = 3; 

590-OX 1.028 ± 0.07, p = 0.7327, n = 3) [Figure 6.7 A/B]. Slight decreases in WT-UTR 

activity were observed at 72 h in the presence of both miR-19-OX (0.7535 ± 0.11, n = 3) and 

miR-590-OX (0.7829 ± 0.16, n = 3), however neither of these reached significance due to 

higher variability of assay results at 72 h post-transfection (p-values: 0.2782 and 0.3960, 

respectively). Interestingly, miR-19-OX transfection did not decrease activity of the miR-19 

mutant compared to co-transfection with pCMV-MIR at this time point (1.325 ± 0.29 vs 

1.547 ± 0.43) [Figure 6.7 C]. 

In sum, although transient miRNA overexpression assays did not show any impact on CR2 3’ 

UTR activity at 24 – 48 h, reductions in reporter activity were observed at the 72 h time point 

for both miR-19 and miR-590 overexpression constructs. These results therefore suggested 

miRNA overexpression from these constructs is not effectively induced until around 72 h 

post-transfection. 

6.3.8) Stable cells lines were generated for overexpression of miR-19 and 

miR-590 
Although transient miRNA OX construct transfections did not demonstrate any significant 

effect on CR2 3’ UTR activity, a trend of decreased reporter activity was observed at the 72 h 

time point. Therefore, we reasoned that sufficient miRNA overexpression may not be induced 

by 24 – 48 h post-transfection. However, as luciferase intensity progressively decreases after 

24 h and is barely detectable beyond 72 h we decided that stable transfections may allow for 

more sustained miRNA overexpresson. Furthermore, this approach allowed us to examine   
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Figure 6.7) Co-transfection of CR2 3’ UTR and miR-19 overexpression constructs did not demonstrate any functional differences in the Raji mature B cell line. Luciferase 
assay data for wild-type CR2 3’ UTR construct (WT-UTR; black) or miR-19 UTR site mutant construct (grey) co-transfected with miR-19 overexpression construct (miR-19-
OX) or backbone control (pCMV-MIR), n = 3. Cells were transfected and harvested at either 24h (A), 48 h (B), or 72 h (C). Data were normalised to Renilla internal control 
and then to WT-UTR + pCMV-MIR and plotted as mean ± SEM. Samples were compared using a Student’s unpaired t-test and statistically significant differences shown (*p 
≤ 0.05, **p ≤ 0.01). 
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corresponding changes in endogenous CR2 expression. As miRNA OX constructs also expressed 

E-GFP and G418 selective markers, stable cell lines were generated using Raji and K562. These 

cell lines were selected as they were the most promising for miR-19 targeting based on deletion 

and mutagenesis assays, and because they are much more receptive to transfection than other 

candidate cell lines such as Reh and Ramos. Transfection efficiency of MIR-OX constructs at 24 

h, as measured by E-GFP expression, was very low in both cell lines (Figure 6.8). In contrast, the 

proportion of GFP-positive cells was much higher (~30%) in cells transfected with the smaller 

pMAX-GFP control vector (Figure 6.8, top panels). Mock-transfected (no DNA) cells were used 

to set background and demonstrated minimal levels of auto-fluorescence (Figure 6.8). Subsequent 

G418 selection using the experimentally derived concentration for each cell line (1000 µg/mL 

was sufficient to initiate complete cellular death of mock-transfected cultures by day 7 (data not 

shown). Significant cell death was also observed in MIR-OX and pCMV-transfected cultures, 

although by day 7 of selection a significant number of viable cells remained. 

Following continuous culture in the presence of G418 for a total of 8 weeks, cells were 

proliferating with consistent growth rates, although the number of GFP-positive cells remained 

very low for both cell lines throughout the entire selection process. On the day of RNA 

extraction, flow cytometry analysis was performed to measure the abundance of GFP-positive 

cells, and largely confirmed observations from fluorescence microscopy. That is, most cultures 

still contained mostly GFP-negative cells and even positive events only displayed fluorescence 

levels marginally higher than background [Figure 6.9 and 6.10]. Relative to non-transfected cells 

(0.86%), GFP-positive proportions for K562 were as follows; 6.14%, 9.88%, and 6.20% for 

pCMV-MIR cultures 1-3, respectively; 6.20%, 18.7%, and 0.94% for miR-19-OX; and 7.09%, 

6.31%, and 4.23% for miR-590-OX (Figure 6.9). Proportions relative to non-transfected cells 

(0.79%) were typically even lower in Raji; 9.23%, 21.7%, and 7.75% for pCMV-MIR; 1.16%, 

1.14%, and 2.68% for miR-19-OX; and 1.61%, 1.96%, and 1.79% for miR-590-OX (Figure 

6.10). Measurement of CR2 surface protein expression by flow cytometry and mRNA expression 

by RT-qPCR showed no significant differences in any of the stable cell line replicates (data not 

shown). miRNA quantification also showed no significant increase in miR-19a or miR-590 

expression levels in their respective MIR-OX stable cell lines relative to non-transfected or 

pCMV-transfected cells (data not shown). Therefore, since no miRNA overexpression could be 

detected for miR-19 and miR-590, the results were overall inconclusive. 
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Figure 6.8) MicroRNA overexpression constructs transfected with low efficiency in Raji and K562 cells. Images of 
K562 (A) and Raji (B) cells 24 h after being transfected with a control GFP construct (pMAX-GFP), no DNA (mock 
transfected), a control miR-OX backbone construct containing IRES-GFP (pCMV-MIR), or a miR-19 overexpression 
construct  containing IRES-GFP (miR-19 OX). Images were collected at 10X magnification using a Life Tech EVOS 
under bright-field (left) or GFP filters (right). Scale bar = 400 µm. 
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Figure 6.9) The majority of K562 stable cell lines showed only low levels of GFP expression after 8 weeks of selection. Flow cytometry analysis of K562 stable cell lines 
after 8 weeks of G418 antibiotic selection. GFP intensity was measured on the FL1 (FITC) channel and 50K events recorded. FL1 signal intensities (x-axis) are plotted against 
total event counts (y-axis). Biological triplicates of stable cell lines are shown for each construct: miR-19 overexpression (miR-19 OX), miR-590 overexpression (miR-590 OX), 
or backbone control (pCMV-MIR). Non-transfected cells were used for gating purposes, where measures above the non-transfected control represent positive (FL1-A+) 
events. The proportion of negative (FL1-A-) and positive (FL1-A+) events are indicated on each graph. Annotations above each graph represent the sample well and file ID, 
with the lowermost number indicating the total number of actual cell events collected. 
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Figure 6.10) Raji stable cell lines showed very low levels of GFP expression after 8 weeks of selection. Flow cytometry analysis of Raji stable cell lines after 8 weeks of 
G418 antibiotic selection. GFP intensity was measured on the FL1 (FITC) channel and 50K events recorded. FL1 signal intensities (x-axis) are plotted against total event 
counts (y-axis). Biological triplicates of stable cell lines are shown for each construct: miR-19 overexpression (miR-19 OX), miR-590 overexpression (miR-590 OX), or 
backbone control (pCMV-MIR). Non-transfected cells were used for gating purposes, where measures above the non-transfected control represent positive (FL1-A+) 
events. The proportion of negative (FL1-A-) and positive (FL1-A+) events are indicated on each graph. Annotations above each graph represent the sample well and file ID, 
with the lowermost number indicating the total number of actual cell events collected. 
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6.4 Discussion 

6.4.1) MicroRNA miR-19 is a likely regulator of CR2 expression in 

haematopoietic cell types via its 3’ UTR 
The CR2 protein exhibits highly restricted cell- and stage-specific expression patterns within the 

B-lymphoid lineage. Considering aberrant expression of CR2 affects B cell activation from BCR 

signalling and is correlated with the development of autoimmune disease, we reasoned it would 

likely represent a good candidate for miRNA-mediated targeting. We therefore assessed the CR2 

3’ UTR sequence to determine whether it was regulated by miRNA-UTR interactions. The results 

presented here delineate a cell type-specific 92 nt regulatory region (+651 to +743) within the 

CR2 3’ UTR which likely exerts its function by binding microRNAs miR-19a and/or miR-19b. In 

contrast, the remaining miRNAs within this interval (miR-203, miR-371a, miR-216b, and miR-

494) each had much lower predictive scores and demonstrated no functionality via mutagenesis 

assays. As the miR-19 site represented the best candidate using multiple predictive algorithms, 

this study adds confidence to the accuracy of such predictions. As the majority of predicted sites 

were non-functional, these observations are also in agreement with the high rate of false positives 

recorded for many miRNA-mRNA target predictions (up to 24 – 70%)607,608. However, based on 

qRT-PCR results and data extracted from small RNA-Sequencing and FANTOM5 datasets it is 

likely that this lack of functionality observed for most of our candidate miRNAs is due to a lack 

of expression of these miRNAs in relevant cell types. Specifically, miR-203, miR-371a, miR-

216b, and miR-494 were found to be enriched in epithelial cells, stem cells, endothelial cells, and 

muscle cells, respectively, and were often depleted in haematopoietic cell types. Compared to 

miR-19a/b, very little is known about the role of these miRNAs in hematopoiesis, and their lack 

of expression in relevant cell and tissue types suggests they function predominantly outside this 

system.  

The strong candidate site, miR-34, was non-functional in the mutagenesis assays performed in 

this study. This observation was surprising considering this site, together with miR-19, was 

conserved among vertebrate species and predicted by multiple algorithms. Furthermore, this 

miRNA is known to be expressed and act on multiple targets within the B cell developmental 

pathway609. However, such studies imply this miRNA acts predominantly in early stages of B-

cell development during the pro-B to pre-B cell transition365. As our findings were generated 

using pre-B and mature B cell lines, it is possible that miR-34 is no longer active at these 

developmental stages. Indeed, expression of miR-34a was barely detectable in any of these cell 
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lines by qRT-PCR, and chromatin was predominantly inaccessible at the proposed host gene 

promoter (MIR34-P). In contrast, expression and promoter accessibility were significantly higher 

in SKW, and may reflect a reactivation of miR-34 expression following terminal differentiation 

of B cells. Indeed, miR-34a(-5p) has since been identified as part of a miRNA regulatory hub 

which modulates plasma cell differentiation582. It would therefore be intriguing to perform follow 

up experiments in the plasma cell line, SKW, to investigate the potential function of miR-34 in 

repression of CR2 expression following terminal B-cell differentiation. This cell line was not 

included in initial analyses as the focus was on determining the impact of UTR regulatory motifs 

in cell lines which express CR2 at varying degrees, whereas CR2 is not expressed in SKW cells.  

Of the two sites that demonstrated likely functionality in mutagenesis assays, miR-19 and miR-

590, the former represents the most robust candidate for miRNA-mediated regulation of CR2. 

Not only was the miR-19 site positioned within the 92 nt deletion interval, it was also functional 

in the same cell lines (K562, Raji and Ramos). The degree of miR-19 expression also roughly 

correlated with CR2 transcript abundance within these cell lines – CR2 is expressed at low levels 

in K562, moderate levels in Ramos, and high levels in Raji and, similarly, miR-19 expression 

was highest in K562, followed by Ramos and Raji. Collectively, these observations fit with the 

canonical outcome of miRNA targeting, whereby target transcript levels are reduced by mRNA 

destabilisation or inhibition of translation588. Another interesting observation came from gene 

ontology analyses, which predicted miR-19 target genes to be enriched in pathways linked to the 

BCR signalling cascade, such as the tyrosine kinase and MAPK pathways. Such a connection 

between the miR-17~92 cluster and BCR signalling and/or various B cell malignancies has been 

noted in several previous studies which also highlight miR-19a and miR-19b as key oncogenic 

factors in B cell malignancies610–613. 

Unfortunately, microRNA inhibitor transfections and stable overexpression proved unsuccessful, 

so ambiguity remains about whether the miR-19 site is indeed functional endogenously. The 

failure of miRNA inhibitor transfections, despite the attempted use of multiple transfection 

reagents optimised for the delivery of small molecules, is not entirely surprising considering 

lymphocytes are notoriously difficult to transfect using traditional delivery mechanisms606. One 

possibility is that positive control miRNA target constructs were not designed or assembled in the 

appropriate fashion so any response to miRNA targeting was improperly or inaccurately 

measured. Without the commercial availability of fluorescently (or otherwise) tagged miRNA 

inhibitors, it is difficult to confirm whether the lack of impact on CR2 transcript levels in 

endogenous inhibitor studies is a reflection of failed inhibitor transfection, degradation or dilution 
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caused by cell proliferation or simply the consequence of minimal response to miRNA targeting. 

Another limitation of the endogenous inhibitor studies is that they were performed only in Raji 

cells, which exhibit unnaturally high CR2 transcript levels. As such, small changes to mRNA 

levels mediated by miRNA targeting may be undetectable in this system. One alternative 

approach may be the delivery of so-called miRNA ‘sponge’ constructs, which act to sequester 

mature miRNAs to make them unavailable to bind to other target transcripts614. Such an approach 

has been used successfully in a number of prior studies which incorporate validation methods 

such as AGO2 immunoprecipitation to confirm miRNA-containing RISC complexes are bound to 

sponge transcripts615,616. However, successful studies in haematopoietic cell types such as B cells 

have predominantly had success using viral delivery strategies617,618. Although sponge constructs 

are used less widely than inhibitor oligonucleotides, they may prove more beneficial for 

confirming functional miRNA-mRNA associations.  

The use of miRNA mimics was also considered prior to testing overexpression constructs, but it 

was concluded that these would likely suffer from the same transfection issues as inhibitors. 

Furthermore, other studies have determined that the measurement of miRNAs by qRT-PCR after 

the transfection of mimics does not actually reflect endogenous levels619. As such, attempts to 

measure miRNA upregulation to confirm successful mimic delivery would likely yield 

confounding data. The alternative approach of generating stable cell lines with miRNA 

overexpression cassettes integrated into the genome was therefore undertaken by transiently 

transfecting plasmids and performing extensive antibiotic selection to generate an enriched cell 

population overexpressing target miRNAs. Unfortunately, these experiments suffered from poor 

transfection efficiency, likely due to the large size (~10 kb) of overexpression constructs. 

Furthermore, antibiotic selection did not enrich for positive transfectants, and after extensive 

selection no increase in miR-19a or miR-19b expression could be detected. This may be 

explained by the likely heterochromatinisation of integrated DNA, especially where integration 

events occurred in genomic regions typically silenced in Raji and K562 cells. Indeed, this has 

been observed previously both in our lab and in a number of other studies620,621. In particular, 

strong viral promoters such as CMV have been associated with efficient silencing in cells 

involved in immune surveillance, particularly over extended culture periods622,623. An alternative 

approach may be to enrich GFP-positive cells soon after transfection, thus preferentially 

expanding cell populations that actively express the delivered constructs.  

Although the 5 bp miR-590 site mutants yielded highly promising results in luciferase assays 

specifically within lymphoid cell lines, follow-up experiments using smaller (2 bp) seed mutants 
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did not recapitulate these findings. It is possible that merely mutating 2 bp was not sufficient to 

abolish miRNA-mRNA interactions, although previous studies have demonstrated that even a 

single mutation in the miRNA seed can abolish repression624. Furthermore, qRT-PCR and small 

RNA-Seq data indicated that miR-590 is found only at very low copy number in a wide range of 

cell types. This may provide further evidence against miR-590 acting on the CR2 3’ UTR, even 

though several studies implied that low levels of miRNA (e.g. 10 – 20 copies per cell) may be 

sufficient for downregulation of targets (reviewed by Hausser and Zavolan625). It is also possible 

that the sequence affected by the 5 bp mutation is important for the binding as yet uncharacterised 

miRNAs or miRNAs not included in the target prediction algorithms used in this study. 

Alternatively, this site may bind RNA-binding proteins (RBPs) or affect UTR structural 

characteristics and folding mechanics which have been shown to be important for 3’ UTR 

function626,627. Considering the proximity of the miR-590 site towards the 3’ end of the UTR 

sequence, it is also possible that mutation of this site somehow impacts binding of the poly(A) 

machinery in a favourable manner, leading to increased mRNA stability or more efficient 

translation.  
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Chapter Seven – General Discussion 

7.1 Several eQTLs for CR1 and CR2 were identified in haematopoietic cell types 
The task of identifying the functional consequences of disease-associated genetic variants 

remains challenging. However, large-scale studies which examine eQTLs and characterise non-

coding regions of the genome are extremely useful in prioritising candidate SNPs for further 

analysis. In the analyses presented here, we identified several SNPs that may function as eQTLs 

for the CR1 and CR2 genes which overlap epigenetic features associated with enhancer or 

promoter regions in B cells. One interesting finding from our analysis of eQTLs in blood cells 

was the relatively high number of eQTLs predicted for each gene, especially for CR1. However, 

bioinformatic interrogation of regulatory features overlapping each of these predicted eQTLs 

established that the majority of these were unlikely to be functional. This observation was 

unsurprising considering a large number of GWAS SNPs have been found to be merely in 

linkage disequilibrium with causal variants (untyped or otherwise) rather than being directly 

associated with disease183. We also considered the possibility that such SNPs may be within 

regions of the genome that have yet to be characterised. For example, these eQTL data were 

generated using peripheral blood mononuclear cells (PBMCs), which are comprised of a 

heterogeneous mix of cell types. It is possible that potential functional eQTLs may be discarded 

where no functional data for relevant cell types exists. Although eQTL analyses did not identify 

the SLE-associated CR2 variant, rs1876453, to be an eQTL for CR1 and/or CR2, we suspect this 

is a reflection of the limitations of eQTL profiling using non-homogenous samples. Specifically, 

we believe that effects specific to B cells may have been missed due to the low proportion (~5%) 

of these cells in the PBMC pool433. Overall, our assessment of eQTL data was that findings from 

such analyses should be carefully interrogated before making any conclusions. 

Despite no eQTL identification for the CR2 rs1876453 variant, we believed that prior functional 

studies had provided enough evidence to conclusively implicate this SNP in the regulation of 

CR1 and/or CR2290. As these studies had previously identified an association with CR1 

expression, we interrogated 1000 Genomes data available for B-lymphoblastoid cell lines to 

characterise any existing correlations between SNP genotype and CR1 and/or CR2 expression. 

Interestingly, these analyses revealed that the minor allele (A) of rs1876453 may actually be 

associated with a reduction in CR2 expression across a range of populations. Although these 

findings were, in some cases, limited by sample size, the correlation still reached significance 

across 462 individuals of mixed ancestry. A similar correlation was observed for CR1, although 



  

219 
 

this was not found to be significant in this dataset. Therefore, we suspect that the allele-specific 

effect on CR1 expression observed by Zhao et al.290 may be most pronounced in individuals with 

SLE or within B cells at specific stages of maturity. Subsequent analyses of this SNP were 

therefore pursued using B-lymphoblastoid cell lines derived from SLE patients with varying 

rs1876453 genotypes.  

7.2 CR2 expression is likely to be controlled by upstream enhancer sequences, 

with interactions facilitated by CTCF-based chromatin loops 
As findings on rs1876453 were, collectively, highly suggestive of functional impact on CR1 

and/or CR2 expression, we explored the potential mechanism behind these observations. A 

previous study in our laboratory290 had identified allele-specific differences in binding of the 

genome architectural protein, CTCF, over this SNP. Here, we demonstrated that CTCF 

enrichment is increased in the presence of the minor allele by comparing two B-lymphoblastoid 

cell lines homozygous for either the major or minor allele. Furthermore, CTCF binding at this 

locus was highly variable across B cell types. Specifically, only low levels of CTCF enrichment 

were detected in CR2 non-expressing pre-B cells, whereas enrichment was much higher in all 

mature B cell lines tested. Finally, no enrichment was detected in plasma cells in which CR2 

expression has been switched off491. CTCF binding sites which exhibit cell type-specific binding 

patterns that are lost during differentiation are typically associated with transcriptional 

regulation508. We therefore concluded that this CTCF binding site may be crucial for 

communication of the CR2 promoter with distal regulatory sequences, such as enhancers, via 

CTCF-mediated genomic looping. This hypothesis is further supported by the fact that this 

CTCF-binding site overlaps the CR2 promoter region which is also variably regulated throughout 

B cell differentiation299. Analysis of both chromatin accessibility and nucleosome occupancy 

across identical cell lines also agreed with these observations, and suggests that enhanced 

chromatin accessibility induced in mature B cells may promote increased levels of CTCF 

binding. Based on detected enrichment patterns, it is likely that such interactions are primed 

during early stages of B-cell development but only associate efficiently with regulatory sequences 

when CTCF is bound at high levels in CR2-positive mature B cells. The complete absence of 

CTCF binding in plasma cells may imply that the abolishment of loops between the CR2 

promoter and enhancer sequence(s) is one mechanism for silencing of CR2 expression upon 

terminal differentiation.  
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Considering the previously defined association of rs1876453 genotype with differences in CR1 

expression, and the enticing observations from analysis of CTCF binding patterns, we next 

examined whether the SNP may affect the frequency of genomic interactions with distal targets, 

such as CR1. We used the circular chromosome conformation capture (4C) technique to examine 

the interaction profiles of four CTCF-bound loci proximal to the CR1 and CR2 genes. 

Interestingly, our data were suggestive of potential allele-specific differences in looping specific 

to the CR2 intron 1 viewpoint overlapping rs1876453. Unfortunately, only a single replicate was 

conducted using LCLs homozygous for either the major or minor allele. Therefore, we were 

unable to conclusively say whether these differences were as a result of genotype-specific effects 

or merely due to inherent variability of the assay. Nevertheless, these data were exceptionally 

useful in defining CTCF-mediated genomic interactions across the RCA gene cluster. Not only 

were interactions limited to the bounds of the RCA gene cluster, but they also implied 

associations with other RCA genes and undefined non-coding regions. High frequency 

interactions were also identified between the CR2 promoter viewpoint and the intron 1 region 

downstream of the characterised CR2 silencer (CRS) element. Although the interaction peaks did 

not directly correlate with the position of the CRS, we posited that the observed loops could 

reasonably position the CRS near to the CR2 promoter. Additionally, it is possible that direct 

associations may only be observed in cell types in which CR2 is transcriptionally silenced. 

4C analyses also revealed the potential location of distal regulatory sequences which may control 

expression of CR1 and/or CR2. Specifically, high frequency interactions were detected with a 

region ~45 kb upstream of CR2 from both CR1 and CR2 promoter viewpoints. Although this 

region did not directly bind CTCF, it was positioned proximal to a constitutive CTCF-binding 

site (4C viewpoint 1). The incorporation of bioinformatic enhancer prediction tools and 

functional datasets from B cell lines indicated that this region likely represents an enhancer which 

functions specifically in B cells. Cloning of this region into a luciferase reporter vector and 

transfecting into B cell lines revealed that it did indeed possess B cell-specific enhancer activity.  

Subsequently, we assessed chromatin accessibility and nucleosome occupancy across this region 

and found very low nucleosome occupancy across pre-B, mature B, and plasma cells. In contrast, 

this locus exhibited high nucleosome occupancy in non-B cell lines. As similar levels of 

nucleosome occupancy were detected across B cell types, we suspect that this region may be 

primed by pioneer factors during early stages of B cell development and maintained throughout 

the developmental pathway. A strong candidate is the early B cell factor, EBF1, which was 

observed to be highly enriched at this locus in mature B-lymphoblastoid cell lines in ENCODE. 
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This factor is known to act in conjunction with E2A to orchestrate B cell commitment188. Indeed, 

we found evidence of high EBF1 transcript abundance in pre-B cells and lower, but consistent, 

levels across mature B and plasma cell types. Interestingly, analysis of chromatin accessibility at 

this locus demonstrated differences between cell types; accessibility was highest in the Raji 

mature B cell line and plasma cell line, SKW but typically lower in pre-B cells and rs1876453-

genotyped LCLs used in 4C studies. We next examined enrichment of the H3K27ac histone 

modification which is known to be associated with active regulatory regions. In agreement with 

nucleosome occupancy and accessibility data, we found H3K27ac enrichment in B cells but not 

in non-B cell types. Enrichment was lowest in pre-B cells, higher in mature B cells (Raji), and 

highest in plasma cells. These results suggest progressively increased enhancer activity 

throughout the process of B cell development. As Raji cells are known to express CR2 at very 

high levels299, it is possible that this enhancer is partially responsible for observed differences in 

CR2 expression between mature B cell lines. Indeed, CR2 is differentially expressed across 

mature B cell types299,628. As similarly high levels of accessibility are observed in CR2 non-

expressing plasma cells, it is probable that although this enhancer may appear to remain active, 

interactions with CR2 may no longer be intact. Combining these findings with observations of 

CTCF enrichment at the CR2 promoter, we suspect that the lack of CTCF binding to the promoter 

in plasma cells may abolish CR2 promoter-enhancer interactions, leading to transcriptional 

silencing. 

7.3 The expression of monocistronic microRNAs important in B cell 

development is highly correlated with promoter chromatin accessibility 
The role of microRNAs in haematopoietic cell development is well established, and many key 

miRNAs and targets have been identified. Within the B-cell lineage, specific miRNAs are known 

to be important for lineage commitment during early development at the pro-B to pre-B cell 

stage. Several miRNAs are upregulated during terminal differentiation and subsequently 

downregulate the expression of key transcription factors that maintain B cell identity, enabling 

the plasma cell transition. Despite the fact that many of these miRNAs are known to be variably 

expressed throughout the B cell developmental pathway, very little is known about mechanisms 

governing their expression levels or induction at discreet stages of B cell maturity. We used qRT-

PCR to accurately compare expression patterns across B cell types, and found that expression 

patterns correlated well with known functional windows. For example, miR-150 is known to 

buffer expression of the transcriptional activator, MYB, to within an appropriate range to prevent 

aberrant B lymphopoiesis364. By the same mechanism, miR-150 has also been shown to prevent 
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increased expansion of B1 B cells upon BCR activation364. In accordance with its known roles 

during early B cell development, we found miR-150 to be expressed in pre-B cells and early 

mature B cells, but not in late mature B cells or plasma cells. In an effort to partially decipher 

how miRNA expression may be regulated in B cells, we defined the most likely promoter regions 

for known miRNAs and assessed chromatin accessibility between cell types. For miR-150, we 

found promoter accessibility levels to progressively decrease from the pre-B cell stage, through 

mature B cells, and further in plasma cells. Therefore, we suspect that expression of this miRNA 

may be largely controlled at the transcriptional level. Application of this method to other well-

characterised B cell miRNAs, including miR-155, miR-181a, miR-21, and miR-34a yielded 

similarly striking correlations between promoter chromatin accessibility and miRNA expression. 

These patterns were not as pronounced when examining miR-19a/b expression; two miRNAs that 

are transcribed from a polycistronic cluster of miRNAs including: miR-17, miR-18a, miR-19a, 

miR-19b, miR-20a, and miR-92a. Therefore, we suspect that the expression of well-characterised 

monocistronic miRNAs is likely to be regulated at the transcriptional level by modulation of 

promoter chromatin accessibility of host genes. However, additional mechanisms are likely 

responsible for differential regulation of polycistronic miRNAs transcribed from a common host 

gene. Our findings therefore suggest that the aberrant expression of miRNAs associated with B-

cell central diseases, such as SLE or cancer, may be a result of defective promoter regulation. 

This could be caused by SNPs or mutations within these regulatory regions, or by altered 

promoter states induced by aberrant expression of promoter-associating factors.  

7.4 Identification of miRNAs regulating CR2 expression at the post-

transcriptional level by targeting its 3’ UTR 
As miRNAs are known to be crucial for the controlled expression of key factors during B cell 

development, we next wished to assess whether they may modulate expression of the canonical B 

cell marker, CR2. The expression level of CR2 is crucial to ensure autoreactive mature B cells do 

not become activated and persist to generate autoantibodies subsequently leading to SLE 

pathogenesis. We therefore reasoned that miRNAs represented a likely mechanism for fine-

modulation of expression levels within CR2-expressing mature B cells. As miRNAs typically act 

by binding to conserved sequences within the 3’ UTR of target genes, we cloned the CR2 3’ UTR 

into luciferase reporter constructs. We found that this significantly reduced reporter activity in all 

tested cell types, which suggested the 3’ UTR may contain regulatory sequences which function 

broadly across cell types. This implied that the RNA-binding proteins or miRNAs responsible for 

this effect were likely to be ubiquitously expressed across haematopoietic cell types, rather than 
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exclusively in B cells. However, we were also concerned that the reduction in activity from 3’ 

UTR cloning may purely be due to replacement of the SV40 3’ UTR. Therefore, differences 

between SV40 3’ UTR and CR2 3’ UTR reporters may have been due to differential translational 

efficiency inherent in these sequences. Subsequent 3’ UTR deletion assays revealed a region from 

+522 to +651 in the CR2 3’ UTR that resulted in increased reporter activity when deleted. This 

finding is consistent with the known role of miRNAs in downregulation of target genes. That is, 

deletion of functional miRNA target sites leads to de-repression. Moreover, this effect was cell-

type specific and indicated functionality of this 129 bp region in mature B cells (Raji, and to a 

lesser extent, Ramos) and in the erythroid cell line, K562. 

We subsequently used a bioinformatics approach to analyse the CR2 3’ UTR for evidence of 

conserved miRNA target sites, and identified a large number of predictions, many of which could 

not be validated by additional algorithms. Overall, we noted a bias in miRNA sites near the 3’ 

end of the UTR, consistent with previous findings indicating that binding sites at the 3’ end of 

transcripts may act more effectively due to proximity to the poly(A) tail629. Of the two most 

promising candidates; miR-34a and miR-19, only miR-19 fell within the previously defined 129 

bp functional region. Mutagenesis of the miR-19 binding site indicated this site was indeed 

functional in mature B cells (Ramos and Raji) and erythroid cells (K562), but not in pre-B cells 

(Reh) or T cells (Jurkat). These observations were consistent with 3’ UTR deletion findings. We 

also found evidence of a potentially functional miR-590 site near the 3’ end of the UTR which 

affected reporter activity in a manner consistent with miRNA targeting. Double mutants for miR-

19 and miR-590 showed an even more significant impact on reporter activity, which suggests 

possible synergistic activity between these two target sites; a mechanism which has been reported 

previously for other miRNAs630. Quantification of these miRNAs indicated ubiquitous expression 

of miR-19, with highest levels in the erythroid cell line, K562. Interestingly, K562 had also 

shown the most promising results for miR-19 site mutagenesis. Although CR2 is not typically 

expressed in erythroid cells, our qRT-PCR data indicated that low levels of CR2 are indeed 

present in K562 cells. In K562 cells, CR2 expression is known to be silenced largely by promoter 

CpG methylation299. However, low levels of expression may arise from accidental induction by 

regulatory elements shared with CR1, which is expressed at high levels in erythroid cells and 

indeed, in K562 cells. As CR2 is not expressed at the protein level in K562 cells, miR-19 may 

serve as an additional control mechanism to prevent low levels of expression induced by 

erythroid expression elements which are required for expression of the adjacent CD55 and CR1 

genes, both of which are expressed in erythroid cells. Unfortunately, confirmatory experiments 
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using microRNA inhibitors for miR-19 and miR-590 were unsuccessful. However, as these 

inhibitors also failed to target exact-match control sequences, we concluded that these molecules 

had failed to transfect efficiently. Such an hypothesis is not unlikely considering the known 

difficulties associated with transfection of lymphocytic cell types. As an alternative, we used 

miRNA overexpression constructs to upregulate miRNA copy number. Initial results after 72 h 

were promising, but limited due to assay variability at this time point. The subsequent generation 

of stable cell lines proved challenging; although extensive selection (8 weeks) was performed 

using an empirically determined antibiotic dosage, we were unable to achieve upregulation of 

miRNA expression. As expression of the GFP marker remained low throughout the culture period 

and was highly variable between biological replicates, we concluded that stable integrants may 

have been silenced by heterochromatinisation. This would explain why miRNA overexpression 

failed. In future experiments, cells should be GFP sorted following transfection, or miRNA levels 

assessed periodically throughout the culture process to determine when miRNA overexpression is 

significantly induced. 

Although we found no evidence of functional miR-34a targeting of the CR2 3’ UTR, we 

subsequently found that miR-34a was not actually expressed in any of the cell lines tested using 

luciferase assays (pre-B, mature B, erythroid, and T cell lines). Therefore, considering its binding 

site within the CR2 3’ UTR is highly conserved, we cannot rule out that this miRNA does 

functionally target CR2 transcripts in miR-34-expressing cell types. miR-34a is known to be 

expressed in early stages of B cell development during the pro-B to pre-B cell transition, and its 

expression is known to be incompatible with further B cell development365. Additionally, miR-

34a deletion has been shown to induce a high number of mature B cells365. Considering miR-34a 

blocks mature B cell development, it is possible this is partially achieved by modulating 

expression of targets required to progress through the mature B cell transition, such as CR2. At 

the pre-B cell stage and beyond, miR-34a expression is switched off, whereas CR2 expression is 

induced. Therefore, at this stage, CR2 may be targeted by more abundant miRNAs, such as miR-

19, which may be more capable of more accurately regulating CR2 transcript levels. This 

hypothesis is supported by findings indicating that the miR-17~92 cluster miRNAs act to oppose 

miR-34a function during the pro-B to pre-B cell transition367. Another interesting observation 

from our studies is that miR-34a expression seems to be induced in plasma cells, a CR2-negative 

population. Therefore, miR-34a may act at the pre-B cell stage to degrade prematurely 

transcribed CR2 mRNA while regulatory regions are poised for activation. Following terminal 

differentiation, CR2 is likely to be regulated both by promoter chromatin accessibility and 
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abolishment of enhancer-promoter loops. However, as some previously active mature B cell 

regulatory sequences may not be effectively silenced immediately following terminal 

differentiation, miR-34a may act to degrade any residual CR2 transcripts that are produced. It 

would be of interest to perform experiments in plasma cells, similar to those outlined above, to 

identify whether miR-34a may functionally target the CR2 3’ UTR. 

7.5 Summary 
In summary, the work presented in this thesis further enhances our understanding of how the CR2 

gene is regulated at both the transcriptional and post-transcriptional level. We propose that CR2 

expression is controlled in mature B cells and erythroid cells by miR-19 targeting to a conserved 

sequence within its 3’ UTR (Figure 7.1). We also suggest that CR2 may be regulated by miR-34a 

following B cell terminal differentiation, although this hypothesis requires further testing. We 

have also analysed the expression patterns of several miRNAs important in B cell development 

and defined three candidate normalisers that allow for accurate comparisons of miRNA 

expression to be made across haematopoietic cell types. Futhermore, we define that miRNA host 

gene promoter accessibility is highly correlated with miRNA expression and may indicate that it 

is a major determinant of miRNA copy number across a range of cell types. We identified 

potential eQTLs for both CR1 and CR2 that may be good candidates for further study and defined 

an SLE-associated SNP, rs1876453, which correlates with reduced CR2 expression in B cells 

derived from multiple human populations. Our data also provide a novel map of CTCF-mediated 

genomic interactions involving CR1 and CR2, and define these interactions to be constrained by 

topological boundaries positioned either side of the RCA gene cluster. Complementary data 

reveal the location of B cell-specific enhancer sequences which interact with both CR1 and CR2 

in B cells, which may collectively form a co-regulatory hub. One of these identified enhancers is 

active during B-cell developmental stages in which CR2 is expressed and its interaction with the 

CR2 promoter is likely controlled by CTCF-mediated regulatory loops. We therefore propose a 

model for CR2 regulation throughout B-cell development whereby promoter accessibility allows 

CTCF binding and subsequent looping to active enhancer elements to increase CR2 transcription 

(Figure 7.1). Taken together, this body of work has advanced our current understanding of the 

expression and regulation of complement receptor genes and microRNAs, all of which play a 

significant role in control of the immune system and in the prevention of autoimmune disease. 
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Figure 7.1) A model of regulatory mechanisms controlling CR2 expression during B cell development. A) CR2 promoter accessibility, promoter CTCF enrichment, and 
activity of the 45 kb upstream B cell-specific enhancer, GH411. Each element is defined as either negative (-, red) or positive (+, blue) as defined by functional data, where + 
indicates low levels and ++ indicates high levels. Each element is positioned above the corresponding cell type as indicated in (B), with CR2 expression levels below. Arrows 
indicate where one element allows binding or interaction with another element, while bars indicate incompatibility between features. In pre-B cells, the CR2 promoter is 
inaccessible but still binds low levels of CTCF so may interact with the enhancer with low affinity to allow rapid upregulation of CR2 expression following differentiation to 
mature B cells. In mature B cells, the CR2 promoter is accessible and binds high levels of CTCF which allows high frequency interactions with the enhancer leading to 
increased CR2 transcription. In terminally differentiated plasma cells, the enhancer is still highly active but incapable of interacting with CR2 due to heterochromatinisation 
and abolishment of CTCF binding at the CR2 promoter. In non-B cells, promoter accessibility, CTCF enrichment and enhancer activity are all negative. B) Simplified B cell 
developmental progression showing pro-B, pre-B, mature B (Mat-B) and terminally differentiated plasma cells (PC). A representative non-B cell is also included for 
comparative purposes (far right). The pre-B cell receptor (grey) and B-cell receptor (black) are indicated on pre-B and mature B subsets, respectively. The CR2 co-receptor is 
also indicated on mature B cells and its expression is indicated below each cell type. The CR2 silencer element (CRS) acts to repress CR2 expression in non-B cells. C) 
miRNAs that likely fine-modulate CR2 expression by targeting sequences within its 3’ UTR. Bars indicate repression. miR-19 likely acts to buffer CR2 expression levels within 
CR2-expressing mature B cells and to degrade CR2 transcripts produced in non-B cells. miR-34a may act on CR2 at the plasma cell stage to eliminate residual CR2 transcripts 
produced from regulatory features not completely inactivated from the prior CR2-expressing mature B cell stage. 
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Appendix I – Lists of commercial kits and reagents 

Section I.1) List of commercial kits 
Item Cat # Manufacturer 

Amaxa Cell Line Nucleofector Kit V VCA-1003 Lonza Group 
Dual-Luciferase Reporter Assay kit E1910 Promega 
EndoFree Plasmid Maxi Kit 12362 QIAGEN 
First-strand cDNA Synthesis Kit for miRNA HP100042 Origene 
Gibson Assembly Cloning Kit E5510S New England Biolabs 
MinElute PCR purification kit 28004 QIAGEN 
Norgen RNase-free DNase I kit 25710 Norgen Biotek 
Norgen Total RNA Purification Kit 17200 Norgen Biotek 
QIAamp DNA Blood Mini Kit 51106 QIAGEN 
QIAprep Spin Miniprep Kit 27106 QIAGEN 
QIAquick Gel Extraction Kit 28704 QIAGEN 
QIAquick PCR Purification Kit 28104 QIAGEN 
QuantiNova SYBR Green PCR Kit 208052 QIAGEN 
QuikChange II Site-Directed Mutagenesis Kit 200524-5 Agilent Technologies 
RNeasy Mini Kit 74104 QIAGEN 
SensiMix SYBR No-Rox Kit QT650-05 Bioline 
SuperScript VILO cDNA Synthesis Kit 11754-050 Thermo Fisher 
TOPO TA Cloning Kit with One Shot TOP10 E. coli K4500-01 Life Technologies 

 

Section I.2) List of commercial antibodies 
Target Application Product Cat # Supplier 

CR2/CD21 Flow 
cytometry Anti-human CD21-PE Antibody 555422 BD Biosciences 

CTCF ChIP Anti-CTCF Antibody 07-729 Merck-Millipore 

CTCF (C20) ChIP CTCF antibody (C-20) sc-15914 Santa Cruz 
Biotechnology 

H3K27ac ChIP 
Anti-Histone H3 (acetyl K27) 
antibody; rabbit polyclonal - ChIP 
Grade 

ab4749 Abcam 

Histone H3 ChIP Rb pAb to Histone H3 ab1791 Abcam 
Unknown specificity 
(IgG isotype control) ChIP Normal Rabbit IgG Antibody 12-370 Merck-Millipore 

Unknown specificity 
(IgG isotype control) 

Flow 
cytometry 

Mouse IgG1-PE isotype control 
antibody, MOPC-21 clone 555749 BD Biosciences 
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Section I.3) List of commercial reagents  
Product Cat # Supplier 

1 kb DNA Ladder N3232S New England Biolabs 
100 bp DNA Ladder NN3231S New England Biolabs 
100% DMSO B0515A New England Biolabs 
1X Dulbecco's Phosphate Buffered Saline (DPBS) 12190-250 Life Technologies 
Agarose, Molecular grade BIO-41026 Bioline 
Agilent High sensitivity DNA assay kit 5067-4626 Agilent Technologies 
Alkaline Phosphatase, Calf Intestinal (CIP) M0290S New England Biolabs 
Ampicillin sodium salt A0166-5G Sigma-Aldrich 
Bacto Tryptone 211705 BD Biosciences 
Bacto Yeast extract 212750 BD Biosciences 
Buffer PB 19066 QIAGEN 
Deoxynucleoside Triphosphate Mix 18427013 Life Technologies 
Deoxyribonuclease I (20,000 U) 18047-019 Invitrogen 
Diethyl pyrocarbonate (DEPC) D5758-25ML Sigma-Aldrich 
Dimethyl sulfoxide (DMSO), Bioreagent D2650-5X5ML Sigma-Aldrich 
DMEM, low glucose, pyruvate 11885084 Thermo Fisher 
DpnI R0176S New England Biolabs 
Ethanol, Absolute 1.00986.2500 Merck-Millipore 
Ethidium Bromide 46047-25MG-R Sigma-Aldrich 
Fetal Bovine Serum (FBS), US Origin 16000-044 Life Technologies 
Gel Loading Dye, Blue (6X) B7021S New England Biolabs 
Geneticin selective antibiotic (G418 Sulfate), 50 mg/mL 10131-035 Life Technologies 
GoTaq Green Master Mix, 2X M712B Promega 
Halt Protease Inhibitor Cocktail (100X) 78430 Thermo Fisher 
Igepal CA-630 (NP-40) for molecular biology I8896-100ML Sigma-Aldrich 
Isopropanol (2-Propanol) 34863-1L Merck Millipore 
Kanamycin sulfate 10106801001 Sigma-Aldrich 
Micrococcal Nuclease (2,000,000 Gel Units/mL) M0247S New England Biolabs 
Opti-MEM(TM) I Reduced Serum Medium, no phenol red 11058021 Thermo Fisher 
Passive Lysis Buffer, 5X E194A Promega 
Penicillin-Streptomycin (10,000 U/mL) 15140-122 Life Technologies 
pGL3-Basic (pGL3B) Vector E1751 Promega 
pGL3-Promoter (pGL3P) Vector E1761 Promega 
Phusion HF DNA Polymerase M0530S New England Biolabs 
Pierce 16% formaldehyde (w/v), Methanol-free ampules 28906 Thermo Fisher 
pRL-TK Renilla Luciferase Control Reporter Vector E2241 Promega 
Protein A Agarose/Salmon Sperm DNA bead slurry 16-157 Merck Millipore 
Proteinase K, Molecular Biology Grade P8107S New England Biolabs 
PureProteome Protein A Magnetic Beads LSKMAG02 Merck Millipore 
RNase-free DNase set 79254 QIAGEN 
RPMI-1640 Medium, with L-glutamine 11875-119 Life Technologies 
RQ1 RNase-free DNase M6101 Promega 
Spermidine S0266-1G Sigma-Aldrich 
Spermine S-4264 Sigma-Aldrich 
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Product Cat # Supplier 
T4 DNA Ligase M0202S New England Biolabs 
T4 Polynucleotide Kinase M0201S New England Biolabs 
Triton X-100, 98% for molecular biology AC32737100 Fisher Scientific 
Trypan blue, 0.4% 15250061 Thermo Fisher 
Trypsin-EDTA, 0.5%, no phenol red 15400054 Thermo Fisher 
UltraPure dH2O 10977015 Life Technologies 
ViaFect Transfection Reagent E4982 Promega 
X-gal V3941 Promega 
XL1-Blue Supercompetent Cells 200236 Agilent Technologies 
Yeast tRNA (10 mg/mL) AM7119 Thermo Fisher 
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Appendix II – ChART assay optimisation 

II.1) MNase digestion conditions (enzyme quantity and digestion time) were 

optimised to consistently yield mono- to hepta-nucleosomal size fragments for 

ChART 
Several steps in the ChART protocol were optimised prior to preparation of final samples for 

analysis. In particular, enzyme quantity and digestion time were varied to achieve consistent 

digestion patterns between replicates and across different cell types. Several modifications were 

also made to the original protocol, including the use of a QIAquick kit for purification of DNA. 

The QIAmp blood mini kit described in the original protocol allowed for efficient purification of 

undigested samples (intact DNA), but was deemed unsuitable for purification of desired mono-

penta nucleosomal size fragments. Specifically, the QIAmp kit is designed for purification of 

fragments up to 50 kb in size, with  fragments of approximately 20-30 kb predominating and is 

additionally unsuitable for isolation of fragments < 200 bp, such as mono-nucleosomes (~146 bp 

in size). Comparatively, the QIAquick kit is capable of isolating fragments 100 bp to 10 kb in 

size and is routinely used for purification of small digested or sonicated DNA in standard and 

commercial assays. 

Using B-0028 cells; 0, 50, 100, 250, 500 and 1000 Gel Unit quantities were tested using 1 x 106 

cells per reaction and 10 min incubation at 37°C. Uncut samples (0 U) generated a single large 

(genomic-size) band when analysed by gel electrophoresis, whilst increasing MNase quantity 

resulted in a consistent reduction in nucleosome size and spread (Figure II.1 A). The 500 U, 10 

min treatment digested to mono- to hepta-nucleosomal fragments so was selected for further 

optimisation of digestion time, though an incubation time course showed very little change in the 

digestion pattern from 5-15 min (Figure II.1 A). To improve yield, the starting cell quantity was 

doubled to 2 x 106 cells per reaction, and MNase quantity further optimised accordingly. 

Digestion using 1000 U and 2000 U MNase showed consistent digestion to desired mono-penta 

and mono-tetra nucleosomal fragments, respectively, across multiple cell types (Figure II.1 B). 

Final yields were overall not significantly different when comparing undigested and digested 

samples (Figure II.1 C), though yield did differ slightly when comparing equivalent samples 

across cell types. 
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Figure II.1) Optimised digestion conditions for chromatin accessibility assays yielded consistent digestion patterns and yields between cell types. A) Agarose gel electrophoresis 
of chromatin digested with increasing quanitites of MNase (left) and 500 Unit digestion time course (right) using 1.25 x 106 cells per reaction. Note: sizes of major DNA ladder 
fragments (1 kb or 100 bp, NEB) are indicated alongside each gel image. B) Gel electrophoresis comparing MNase digestion profiles across several B-lineage (Reh, B-0028, B-0056, 
Ramos, Raji, SKW), erythroid (K562), and myeloid (U937) cell lines at two different MNase quantities (1000 and 2000 Gel Units) using 2 x 106 cells per reaction. C) Total DNA yield 
from MNase-digested samples (Left to right: 0 U, 1000 U, and 2000U) in various cell lines. Data indicate average yield ± SEM, n = 3. D) Agarose gel electrophoresis of two separate 
DNase I enzyme titrations (Left: 0 – 5 U, Right: 0 – 50 U) using 2 x 106 cells per reaction. E) Final digestion patterns from three replicates in Ramos cells using 0U (undigested) and 
20U of DNase (digested). F) Total DNA yield from DNase-digested samples (Left = 0U, Right = 20U) in various cell lines. 
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II.2) DNase digestion conditions (enzyme quantity and digestion time) were 

optimised to yield similar fragment size distributions to MNase samples for 

ChART 

Initial optimisation of DNase quantity (0 – 5 U) demonstrated consistent fragmentation of DNA 

though did not sufficiently digest the DNA to the desired fragment size range (< 1 kb) [Figure 

II.1 D]. An additional enzyme titration using 0 – 50 U enzyme again showed consistent 

fragmentation with increasing enzyme quantity, with 20-30 U generating the most suitable 

fragment sizes (Figure II.1 E). Digestion patterns did not differ significantly when comparing the 

30, 40 and 50 U reactions (Figure II.1 E). Both 25 U and 50 U samples were prepared in triplicate 

using Raji and K562 cells to confirm suitability at several control loci (data not shown). The 50 U 

samples showed higher DNase I hypersensitivity than 25 U samples as expected, although 25 U 

was more than sufficient for quantification of accessibility differences at control loci (data not 

shown). Due to detection of slight Ct differences between uncut and digested samples at negative 

control loci, a final enzyme quantity of 20 U was instead used for ChART assays. Digestion of 2 

x 106 cells with 20 U DNase I for 10 min yielded highly comparable digestion patterns across 

most cell types (data not shown) which were also consistent and reproducible between replicates 

(Figure II.1 E). Interestingly, digestion was much more efficient in U937 than in other cell lines, 

as had been observed previously using MNase (data not shown). Yields were also similar 

between cell types and between undigested and digested sample pairs (Figure II.1 F). 

Furthermore, total yields were comparable to matched samples generated using MNase as the 

digestion agent.  

II.3) ChART-PCR analysis at the promoters of control loci showed accessibility 

patterns consistent with their expression profiles 
Control loci within the promoters of the developmentally restricted gene SPA2 (negative control) 

and the ubiquitously expressed GAPDH gene (positive control) were measured as defined in a 

previous study 462. SPA2-P performed well as a (negative) control locus using both MNase and 

DNase as accessibility agents, exhibiting minimal variability between biological replicates 

(Figure II.2 A). There was, however, some variability across cell types when comparing relative 

quantification data (2ΔCt for digested vs undigested paired samples) [data not shown]. Differences 

were minor using MNase, with Ct values for paired undigested and digested samples never 

exceeding 1 cycle. In contrast, higher Ct differences were observed using DNase as the 

accessibility agent, possibly reflecting over-digestion of these samples (data not shown). Overall, 

accessibility differences between cell types at the SPA2-P locus reflected the slight differences in 
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digestion efficiency in these lines. As a result, this locus was used for normalisation of other 

tested loci to control for variation in digestion between samples, whereby a normalised value of 1 

represented baseline (low) levels of DNase accessibility or high nucleosome occupancy by 

MNase (as in Figure II.2 C). Analysis of the GAPDH-P locus using these parameters indeed 

showed very high levels of DNase accessibility and low levels of nucleosome occupancy across 

all cell types (Figure II.2 C). These measures correlated well with high GAPDH transcript 

abundance, although there were some minor differences across cell types including the B 

lymphoblastoid cell lines B-0028 and B-0056 (Figure II.2 C). The promoter for the 

predominantly erythroid-specific locus, HBB, was also tested using DNase only and showed 

accessibility patterns that correlated well with transcript levels (Figure II.2 B). Specifically, 

accessibility was highest in HBB-expressing cell types K562 (2.96 ± 0.21) and SKW (1.59 ± 

0.09), but inaccessible in non-expressing cell types (Reh, 1.16 ± 0.12; B-0028, 0.96 ± 0.01; B-

0056, 0.96 ± 0.03; Ramos, 0.84 ± 0.01; Raji, 0.98 ± 0.01; Jurkat, 1.28 ± 0.15; HepG2, 1.01 ± 

0.15). 
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Figure II.2) Controls used for chromatin accessibility (ChART) assays exhibited accessibility profiles consistent with their expression levels. A) Variability of average accessibility 
levels (± SEM) at the SPA2 promoter (P) locus by DNase I (left) and MNase (right) digestion as measured by qPCR, n = 3. B) Left: Chromatin accessibility by DNase I digestion at the 
HBB promoter. Data were generated by comparing digested to undigested samples using the comparative Ct method and normalising to the SPA2-P control locus. Right: relative 
transcript abundance normalised to ACTB and GAPDH reference genes using the comparative Ct (ΔCt) method. C) Left: Chromatin accessibility by DNase I digestion at the GAPDH 
promoter handled as described in (B). Middle: Relative transcript abundance of the GAPDH housekeeping gene handled as described in (B). Right: Nucleosome occupancy at the 
GAPDH promoter locus as measured by MNase digestion. Data were generated by comparing digested to undigested samples using the comparative Ct method and normalising to 
the SPA2-P control locus. The inverse of these data are presented such that lower values indicate lower nucleosome occupancy. All data are depicted as mean ± SEM for n = 3 
replicates. Baseline accessibility or occupancy (as at SPA2-P) is indicated by a dashed line at y = 1.  Cell lines are indicated below each graph and are sorted by lineage: B-lymphoid 
(dark grey), T-lymphoid (lighter grey), and non-lymphoid (light grey). 
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Appendix III – ChIP assay optimisation 

III.1) ChIP assays performed best using a Covaris ultrafocused acoustic sonicator 

with TC12-AFA tubes and agarose beads for immunoprecipitation 
Due to recently acknowledged pitfalls of traditional probe-based sonication methods, a Covaris 

ultrafocused acoustic sonicator was instead utilised for chromatin preparation. Most notably, probe-

based methods require high intensity energy which results in rapid heating of samples and makes it 

challenging to regulate sample temperature at a constant rate between samples. These often result in 

disruption of epitope interactions or denaturation of proteins and, therefore, potentially inadequate 

or inconsistent ChIP data. Moreover, as the probe makes physical contact with the sample, this 

method lends itself to partial loss of sample or cross-contamination. In contrast, Covaris devices 

make use of acoustic focusing (at frequencies 15 – 30 times higher than a sonicator) and specially 

designed tubes which require much less intense energy input to achieve efficient shearing at lower 

detergent concentrations. Furthermore, these devices employ a temperature-regulated water bath 

which ensures sample temperatures remain constant throughout the sonication time course.  

Covaris treatments were first attempted using older 13x65 mm (TC13) glass tubes with 2 mL of 

sample, but yielded variable results across a range of SDS concentrations (0.1 – 1.0%) [data not 

shown]. Although reasonable chromatin shearing was eventually achieved, shearing to the small 

molecular weight target range (~200 bp to 700 bp; up to 1 kb also suitable) was inconsistent and 

typically left a significant proportion of high molecular weight fragments (Figure III.1 A).  

Additionally, samples had to be treated with high intensity bursts (total energy input = 60 W) for an 

extended period of time (20 – 30 min) to achieve sufficient size profiles, with average fragment size 

still far exceeding the desired target (~400 – 500 bp) [Figure III.1 B]. At this stage several issues 

were considered, including: over-fixation of samples and the use of frozen rather than fresh cross-

linked nuclei. The use of variable fixation times (5 – 15 min) did not significantly impact shearing 

profiles, although the use of formaldehyde freshly prepared from paraformaldehyde powder (rather 

than diluting 37% methanol-stabilised formaldehyde) was found to be more conducive to achieving 

smaller overall fragment sizes. Due to these difficulties smaller 12x12 mm (TC12) tubes, with 

Adaptive Focused Acoustics (AFA) fibers to assist in energy focusing and chromatin shearing, were 

used. Air bubbles were minimised by filling these tubes with sample (~1 mL) so the meniscus was 

just below the rim of the tube. At identical SDS concentrations and total sonication time, the TC12-

AFA tubes performed much better, shearing the majority of the chromatin to the desired target 

range or smaller (Figure III.1 A). To achieve a comparable percentage of correctly sized fragments 
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in TC13 tubes, nearly 10x the effective energy had to be applied and even then ~30% of fragments 

were still of relatively high MW (Figure III.1 A). As a result, average fragment size was still 

skewed above the desired target even after 20 – 30 min high intensity sonication, whilst it was less 

than half using TC12 tubes despite the lower energy input (Figure III.1 B). A sonication time course 

conducted using 0.1% SDS and TC12 tubes showed a consistent trend of decreasing high MW 

fragments and increasing low MW fragments, with only ~10% of fragments within the high MW 

interval at 15 min. Correspondingly, average fragment size decreased consistently with increased 

sonication time, with an average fragment size of ~500 bp achieved after 15 min (Figure III.1 D). 

Sonication time was further reduced by using higher SDS concentrations of 0.2% and 0.4% which 

showed slight improvements in sonication efficiency (Figure III.1 E). Efficiency was further 

improved by using fresh reagents and ensuring SDS in the shearing buffer (0.4%) was effectively in 

solution by leaving ice-cold nuclei samples at room temperature for several minutes before 

sonicating, allowing generation of highly suitable chromatin profiles after only 6 min sonication 

(Figure III.1 F). Perhaps most importantly, sonication profiles were highly consistent between 

replicates and even between cell types (Figure III.1 F). 

Following optimisation of chromatin shearing, difficulties were encountered with the 

immunoprecipitation process using magnetic beads. Most notably although high levels of target 

DNA were pulled down at a control locus using a control antibody (Histone H3) exceptionally high 

levels were also measured in the mock (IgG) and no antibody samples (Figure III.1 G). As a result, 

fold enrichment at the control locus (MYT1) was only ~2-fold despite the fact that histone 

enrichment at this locus should be much higher (Figure III.1 G). Reducing antibody incubation 

times or increasing the stringency of bead-IP washes did not significantly reduce background 

enrichment (data not shown). These difficulties were overcome by using agarose or sepharose beads 

during the IP process, leading to much lower % input values in IgG and No ab controls and, 

correspondingly, a much higher degree of fold enrichment (magnetic: 3.97, agarose: 304.4, 

sepharose: 191.3). Using agarose beads, an optimal quantity of 5 µL anti-CTCF antibody (per 25 µg 

chromatin) was determined based on enrichment at the control H19-ICR locus (Figure III.1 H). In 

contrast, very little enrichment as detected at this locus using an alternative antibody obtained from 

Santa Cruz Biotechnology (CTCF C-20) [Figure III.1 H]. In general, final ChIP data were highly 

comparable, with input samples coming up at very similar Ct numbers, whilst IgG and no antibody 

controls were consistently low - on average ~0.005% of input at most loci. No enrichment was 

observed at a negative control locus (AFM promoter) for any of the tested antibodies or samples 

(data not shown). 
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Figure III.1) Sonication of chromatin for 6 min in TC12-AFA tubes with a Covaris focused ultrasonicator yields 
optimal fragment sizes for ChIP-PCR assays. (A-D) Bioanalyser profiles generated from smear analysis of purified 
chromatin samples (B-0028 cell line) using a Bioanalyser and a High Sensitivity DNA Analysis Kit (Agilent, USA). (A) 
Fragment size distributions (black = 1 – 150 bp, light grey = 151 – 700 bp, dark grey = 701 – 7000 bp) for chromatin 
sonicated for 20 min in TC12-AFA or TC13 (non-AFA) Covaris tubes with 7 W or 60 W acoustic energy input, 
respectively. Initial cell number contained in tubes are indicated below the graph. (B) Average fragment size (in 
base pairs) for chromatin sonicated in TC12-AFA (black) or TC13 tubes for 20 or 30 min. Average acoustic energy 
input is indicated below samples. (C) Sonication time course using TC12-AFA tubes and 7W acoustic energy with 2 
x 107 cells per tube and 0.2% SDS shearing buffer. Fragment ranges are: 1-150 bp (black), 151-700 bp (light grey), 
and 701-7000 bp (dark grey). (D) Comparison of shearing profiles for chromatin sonicated in TC12-AFA tubes for 0-
20 min with 0.2% vs 0.4% SDS shearing buffer. Samples were reverse cross-linked and purified prior to running on 
a 1.5% agarose gel. Desired fragment size range (200-700 bp) is indicated on the left. NEB 100 bp ladder and 
various fragment sizes are indicated on the right. (F) Gel electrophoresis of sonicated chromatin (1 µg) from final 
ChIP experiments in a range of cell lines (incidated above gel). Chromatin was sonicated for 6 min in TC12-AFA 
tubes with 7W average acoustic input and samples purified before analysis. Optimal fragment range is indicated by 
dashed lines (red) and 100 bp ladder fragment sizes are indicated on the right. (G) Percent input (left) and fold 
enrichment (right) at the MYT1 positive control locus in B-0028 cells using either magnetic (black), agarose (light 
grey) or sepharose beads (dark grey) for immunoprecipitation of antibody complexes. Sample type is indicated 
below graphs: control antibody (IgG), no antibody (no ab), or histone H3 antibody (H3 ab). (H) Percent input (left) 
and fold enrichment (right) at the H19-ICR positive control locus (for CTCF) in B-0028 cells using agarose beads. 
Antibody type and quantity is indicated below the graph: a-CTCF = anti-CTCF antiserum (Millipore, USA), SC-CTCF = 
Santa-Cruz CTCF antibody (Santa Cruz, USA). Note: n = 1 for all data presented. 
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However insignificant we might be, we will fight, we will sacrifice and we will find a way. 

Commander Shepard, Mass Effect 2 
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