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Abstract 

Genetic determinants of EBV infection in Lymphoblastoid Cell Lines 

 

Epstein-Barr Virus (EBV), a ubiquitous herpesvirus that infects over 95% of the adult human 

population, has been implicated in the aetiology of a range of autoimmune diseases and 

tumours. In some of these disorders such as post-transplant B-cell lymphomas, EBV acts as a 

direct causal factor, in others, like Hodgkin's disease and nasopharyngeal carcinoma, it is an 

important co-factor. Additionally, EBV infection has been linked to several other diseases, 

most notably Multiple Sclerosis through positive correlation with the occurrence of Infectious 

Mononucleosis ï a benign lymphoproliferative disease caused by primary EBV infection. 

The key feature of most EBV-disease associations is the ability of the virus to infect and 

transform human B- T- NK- and epithelial cells using a set of transcripts and proteins, some 

of which act as oncogenes. While it is evident that EBV viral load and gene expression may 

be correlated with the course of disease or even directly contributing to its pathology, the 

genetic determinants of EBV uptake, expression and its proliferative capacity remain 

unresolved.  

This project aimed to investigate the genetic determinants of EBV copy number and EBV 

latency gene expression for human B-cells immortalised by EBV in vitro and transformed 

into permanently growing lymphoblastoid cell lines (LCLs), as a model for early-stage EBV 

infection in naïve B-cells. LCL samples studied have been sourced from several different 

populations, the HapMap Project, the 1000 Genomes Project as well as British MRC-A 

family cohort.  Methods used encompass quantification of viral expression and copy number 

using TaqMan and SybrGreen PCR techniques, followed by statistical association tests 

conducted using Plink, Merlin and MatrixEQTL. EBV QTLs identified by the assays were 

next subjected to a meta-analysis in GWAMA. Two most significant eQTLs were also 

selected for a replication experiment in an independent panel of newly generated LCLs and 

validated in peripheral blood B-cells sourced from the same donors. 

Multiple significant and suggestive expression and copy number QTLs were identified. 

However, most of these associations have not been replicated in more than a single cohort. 

The relatively small sample size of most cohorts tested as well as population structure posed 
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a limitation. Some findings merit attention, particularly the presence of statistically 

significant viral eQTLs within or close to CSMD1 locus in two different cohorts, and finding 

of a significant EBV eQTL in a SNP associated with type 1 diabetes risk and located close to 

IL2RA, an immune-response gene harbouring multiple autoimmune disease risk loci. 

Suggestive associations were also identified in the 1000 Genomes Project samples by the 

copy number assay which resulted in the most robust test conducted. These encompassed an 

association to the PRDM9 locus as well as to a gene involved in TGF-ɓ secretion. This is 

particularly interesting since TGF-ɓ signal promotes lytic replication in EBV-infected B-cells 

and a consistent significant correlation between EBV lytic expression and increased viral 

copy number has been identified.  

In conclusion, although no significant association has been consistently replicated, the project 

provided several suggestive EBV QTL candidates with plausible biological links to EBV 

infection and replication, which could be studied further in independent experiments. 
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1. Introduction   

 

1.1 Overview 

There is growing evidence supporting the role of Epstein-Barr Virus (EBV) as an aetiological 

factor contributing to human cancer and autoimmune disease. Current literature has provided 

detailed information on viral biology highlighting strong, often causal, relationships between 

EBV latency proteins, copy number and human disease (Crawford 2001, Hiraki et al. 2001, 

Hsu and Glaser 2000, Hohaus et al. 2011, Hadinoto et al. 2008). There is also evidence of 

genetically determined heterogeneity in EBV latent infection, and EBV related disease 

(Caliskan et al. 2011, Rubicz et al. 2013). This emphasises the importance of genetic factors 

that may alter viral latent expression and persistence and, consequently, be relevant to EBV-

associated disease. This introduction gives a broad background to EBV biology, aiming to 

review mechanisms for viral infection with a particular focus on latency transcripts and copy 

number in the context of human cellular pathways and disease association. Evidence 

implicating viral transcripts and proteins in pathogenesis is presented, and known human 

genetic regulatory effects on EBV expression and copy number described. A discussion of 

methods for mapping genetic determinants of transcript expression and the utility of 

lymphoblastoid cell lines (LCLs) for modelling EBV infection follows. Finally, the rationale, 

the hypothesis as well as specific aims of the thesis are presented. 

 

1.2 EBV Biology, genome and latency 

Since its discovery in 1964, EBV is a member of the Herpesvirus family and has been linked 

to several different human diseases, in particular a range of lymphoma and carcinoma 

tumours, but also certain autoimmune diseases like Systemic lupus erythematosus (SLE) and 
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Multiple Sclerosis (MS) (Hiraki et al. 2001,Crawford 2001,Young and Rickinson 2004). 

Herpes viruses characteristically establish a lifelong latent infection in their host (Crawford 

2001), a process involving viral latency transcripts and their products, in case of EBV, most 

notably the oncogenic protein LMP1. Latency proteins have thus a direct role in the process 

of cellular transformation and immortalisation. Their molecular properties enable them, under 

specific circumstances, to contribute to tumour cell survival and growth. 

 

Figure 1 ï Diagrammatic representation of EBV structure (reproduced Jochum et al. 2012). EBV virions consist 

of three main elements. The lipid envelope membrane, with its glycoproteins which bind B-cell receptors, 

merges with B-cell membrane and passes the capsid-bound viral DNA into the cytoplasm along with tegument 

RNAs and proteins that disable intrinsic cellular defences (Tsai et al. 2011). The capsid then travels to nuclear 

pores and passes the naked EBV DNA into the nucleus. 

 

The EBV genome is 184kb in length comprising 89 genes that are divided into 43 core genes, 

common to all herpesviruses, and 46 non-core genes of which 28 are EBV-specific (Crawford 

2001,Straus et al. 1993, Kieff et al. 2010,Calderwood et al. 2007). The viral genome is 

contained within an icosahedral nucleocapsid containing linear double stranded DNA 

molecule and surrounded by an envelope (Figure 1) (Hiraki et al. 2001,Hsu and Glaser 2000). 

EBV, which primarily infects B-lymphocytes, hijacks a natural B-cell maturation and 

differentiation pathway. It thus enters the immune systemôs long-term memory pool within 

infected memory B-cells. It can achieve this via 9 key latency proteins and over 11 latency 
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transcripts. Throughout infection, latency transcripts are expressed according to three key 

latency modes which dramatically alter cellular transcription (Hiraki et al. 2001,Dimmock et 

al. 2007, Kieff et al. 2010). The latency transcripts include six nuclear protein precursors, 

EBNA-1, -2, -3A, -3B, -3C and EBNA leader protein (or EBNA-LP), three latent membrane 

proteins, LMP1, -2A, -2B, and two types of non-translated RNAs called  EBV-encoded small 

RNA 1 and 2 (or EBER-1 and EBER-2) (schematic arrangement of latency genes, Figure 2-

3) (Hiraki et al. 2001,Crawford 2001).  

 

Figure 2 ï Circular schematic diagram of EBV Genome (reproduced from Young and Rickinson 2004). Within 

the B-cellôs nucleus EBV genome forms circular episomes through its terminal repeats (TR ï marked in grey on 

the diagram), and expresses a limited set of latency transcripts, which can be grouped into EBV nuclear antigens 

(EBNAs), latency membrane proteins (LMPs) and EBV-encoded small RNAs (EBERs). Most EBNAs are 

expressed from a common polycystronic transcript originating near the Wp or Cp promoter. This transcript 

contains a highly repetitive leader sequence (which is translated into the EBNA Leader Protein or EBNA-LP). 

Because each repeat contains a Wp promotor, the length of the leader sequence may vary. EBNA1 can 

additionally be expressed from its own Qp promoter. LMP and EBERs have their own independent promoters. 

 

In addition, up to 20 non-translated transcripts from the BamHi region, located between the 

EBNA and LMP open reading frames (ORFs) are usually expressed (Kieff et al. 2010). These 

are microRNAs of 22-24 nucleotides and likely form part of the RISC complex modulating 
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both host and viral mRNA degradation (Swaminathan 2010). Latency proteins are essential 

for the virus to transform B-cells into continuously proliferating lymphoblasts in vivo, or 

LCLs in vitro (Crawford 2001). EBV was first isolated from lymphoma tumour cells 

highlighting this potentially oncogenic property (Crawford 2001).  

 

Figure 3 ï Schematic EBV linear genome (adapted from Paulson and Speck 1999). EBV is approximately 184 

kb long, starting with the TR and origin of plasmid (OriP, necessary for circularisation). Latency transcript 

ORFs and intronic sequences are indicated by grey rectangles and arrows. Viral promoters (Cp, Wp and Qp, 

LMP1p and LMP2p) are indicated by black arrows. The ability of each promoter to initiate transcription of a 

particular set of latency genes is marked by lines joining the introns.  

 

The EBV genome contains repetitive elements and indels, which are the main source of its 

genetic variation (Tzellos and Farrell 2012). The most frequent type of difference is the 

number of multiple terminal repeats (TR) (Figure 4), which are important for herpesvirus 

episomeôs circularisation and thus necessary for replication (Repic et al. 2010, Collins et al. 

2002).  

 

Figure 4 - EBV terminal repeat variability (reproduced from Takacs et al. 2009). Number of terminal repeats 

(marked by vertical bars on the figure) is the most frequent source of genomic diversity in EBV. Within B-cell 

nucleus TRs are bound by EBNA1 and fuse together  to form an episome. EBV clonality in infected B-cells is 

determined by the size of the BamHI fragment containing the variable number of TRs. 
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There are two main strains of the virus, distinguished mainly by the sequence of the key viral 

latency transactivator, EBNA2, and termed EBV A and B, or EBV I and II (Kieff et al. 2010). 

EBV B or II is found frequently in Africa, but is otherwise rare, while most Western EBV 

isolates belong to type A. EBV A is characterised by a more efficient B-cell infection and 

transformation in vitro (Kieff et al. 2010). The EBV isolate B95-8, which has been fully 

sequenced and used to establish efficient lytic replication in cotton-top tamarin (Saguinus 

Oedipus) lymphocytes for subsequent human B-cell transfection, belongs to strain A (Farrell 

et al. 1997). Sequence differences in viral strains can also occur in other latency genes like 

EBNA1, LMPs as well as lytic genes independently of EBNA2 polymorphisms though no 

phenotypic or disease associations have been reported to these variations (Kieff et al. 2010). 

 

1.3 Mechanism of EBV Infection 

 

1.3.1 Introduction 

During primary infection EBV utilises a limited set of transcripts to establish permanent 

latent infection. They can be divided into non-translated RNAs, EBV nuclear antigen family 

proteins (EBNAs) and latency membrane proteins (LMPs). All latency genes play a role in B-

cell immortalisation and maintenance of LCLs, however only two, EBNA-2 and LMP1, often 

termed EBV oncogenes, appear to be absolutely essential for in-vitro immortalisation (Hiraki 

et al. 2001,Young and Rickinson 2004), although some authors claim the EBNA-3 family and 

EBNA-LP are also essential (Dawson et al. 2012, Kieff et al. 2010, White et al. 2010, 

McClellan et al. 2012). Depending on the environment, EBV infection can be divided into 3 

stages characterised by distinct patterns of expression called the latency types (Figure 5).  
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Each stage corresponds to a particular event of the natural B-cell maturation pathway that the 

virus interferes with, and exploits to establish permanent latency. It is important to 

differentiate between these stages and expression modes since each has a different aim and is 

characterised by a unique network of viral-human interactions and thus can give rise to 

distinct kinds of tumours. The key mediators of viral infection are the EBNA and LMP 

proteins that interact with multiple human TFs and target several core signalling pathways 

within the B-cell. These pathways, normally controlling cellular growth and differentiation, 

are central to viral transformation. 

 

Figure 5 ï EBV Life cycle (adapted from Odumade et al. 2011).  

i) EBV virion particles transmitted in saliva penetrate the porous epithelium of the tonsilar crypts within 

oropharynx and infect naïve B-cells expressing the full set of latency transcripts (corresponding to stage 1 

ñLatency IIIò) 

ii) Activated B-cells travel to lymph nodes within tonsils and form germinal centres in which expression is 

changed to Latency type II allowing for survival and maturation (stage 2 ñLatency IIò) 

iii) Mature resting memory B cells exist the germinal centre and enter circulation expressing no or a limited set 

of latency transcripts (stage 3 ñLatency I or 0ò) 

iv) Memory B-cells persist throughout the lifetime of the host, re-entering the lymph node and dividing or 

differentiating into plasma cells at which stage the virus re-activated and switches to lytic expression/replication 

mode (stage 4 ñLytic modeò) 

Circulatory System

Oropharynx

Germinal Centre

1. Latency III

2. Latency II 3. Latency I or 0

4. Lytic
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1.3.2 Viral entry  

It has been difficult to establish the exact site of viral replication in vivo during initial stages 

of the disease (Crawford 2001, Dimmock et al. 2007). There has been debate over which type 

of cells constitute the primary target of the EBV infection (Crawford 2001, Dimmock et al. 

2007). Current evidence suggests that the virus, transmitted in saliva, travels to the tonsillar 

crypts in the oropharynx where it infects naïve B-lymphocytes either directly, where the 

epithelial lining becomes discontinuous, or after an initial round of replication within the 

epithelium (Hiraki et al. 2001,Crawford 2001,Straus et al. 1993) (Figure 6).  

 

 

Figure 6 ï EBV Infection (adapted from Bollard et al. 2012 et al). Stage 1 - Viral Entry. EBV is transmitted in 

saliva. The onset of infection occurs in the oropharynx, in the epithelium of tonsillar crypts or, alternatively, 

directly at the site of tonsils within a layer of naïve B-cells termed follicular mantle. 

 

EBV can infect both B-lymphocytes and epithelial cells in vitro, though the efficiency and 

the outcome differs between these tissues (Hiraki et al. 2001,Crawford 2001,Young and 
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Rickinson 2004). The infection is mediated by the EBV envelope glycoproteins, gp350, 

which bind to the CD21 receptor on the B-cell surface (Hiraki et al. 2001) and gp42 which 

binds to the HLA class II co-receptors (Young and Rickinson 2004). Epithelial cells lack 

these EBV receptors and therefore it is very difficult to infect them in vitro (Tsao et al. 2012). 

However, EBV is able to infect and replicates lytically in epithelial cells in acute infectious 

mononucleosis (IM) and in nasopharyngeal carcinoma (NPC), so it is possible that under 

certain specific conditions it can utilise other receptors (Tsao et al. 2012, Young and 

Rickinson 2004, Buettner et al. 2012). 

Viral particles bind host surface receptors and protective capsids, each harbouring a linear 

copy of the EBV genome, travel through the membrane into the cytoplasm. Through an 

interaction between the capsid and cell nuclear pores, the viral DNA is transferred into the 

nucleus. There, viral proteins derived from the tegument facilitate circularisation and 

chromatinisation of EBV episome (Lieberman 2013).  

 

1.3.3 Latency III expression 

This stage takes place at the beginning of the infection and it emulates natural B-cell 

activation by a cognate antigen presented by an antigen presenting cell (for instance a 

macrophage within a primary follicle), subsequent migration to T/B-cell zone interface and 

helper T-cell co-stimulation (Figure 7). The aim is to drive proliferation of B-blasts, just as it 

occurs prior to or shortly after the migration of activated B-cells into a germinal centre 

(GC) (Pereira et al. 2010). Such proliferation might however under special circumstances 

evade the immune systemôs control and turn into a lymphoproliferative disease and 

eventually a malignant monomorphic lymphoma. Increased number of cellular divisions 

could also increase the chances of oncogenic mutations (Crawford 2001), 
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Figure 7 ï Latency type III expression mimics the events which occur naturally at the lymph node ï namely the 

activation of naïve B-lymphocytes by their cognate antigen is replaced by the proliferation signal delivered by 

EBNA2, and the early pre-germinal centre T-cell help is replaced by the survival signal from the LMP1 

oncogene  (McHeyzer-Williams et al. 2012). 

 

To drive proliferation EBV uses Latency III mode of expression. Shortly after the viral 

episome enters into the nucleus, the host RNA polymerase type II initiates transcription of a 

common EBNA-2/EBNA-LP bi-cistronic transcript from the EBV Wp promoter (Ling 2010, 

Tierney et al. 1994, Ling et al. 1994, Price et al. 2012, Tempera et al. 2010). Wp is present in 

multiple copies within each repeat of the major internal repeat called IR-1 (also called Bam 

HI W repeats), which also encodes the repetitive and variable in length EBNA-LP protein 

(Figure 8) (Elliott et al. 2004). 
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Figure 8 ï Early EBV latency transcripts (Ling 2010). The diagram depicts the linear EBV genome and the 

variability  of early transcript length. Early bicistronic transcripts are transcribed from the EBNA-LP and 

EBNA2 ORF, and initiated from the Wp promoter. Their leader sequence therefore lacks the C1 C2 introns, 

characteristic of Cp promoter transcripts. The Wp transcript can be initiated from one of multiple Wp promoters 

within the highly repetitive IR1 region, as each repeat carries a copy of a Wp promoter. Consequently the size of 

early transcripts varies, although each carries a copy of EBNA2 at the 3ô end.  

 

 EBNA-2 is the main viral transactivator and is functionally related to Notch (Young and 

Rickinson 2004). It is expressed together with EBNA-LP during the earliest stage of infection 

(Figure 8) and interacts with the Jkappa-recombination-binding protein (RBP-Jkappa, also 

known as CBF1), found in the Notch signalling pathway (Kato et al. 2011, Kempkes 2010, 

Rooney et al. 1989). Together with RBP-Jkappa, EBNA-2 acts by decreasing transcriptional 

repression and activates the expression of a cascade of cellular genes plus other viral latency 

genes. These include the EBNA3 family, which act as EBNA2 competitors and repressors, 

EBNA1 as well as the viral membrane proteins LMPs. This occurs by shifting viral 

expression from the Wp to the Cp promoter. The shift is directly mediated by accumulating 

EBNA-2, which acts in concert with CBF1 and CBF2 to bind and stimulate the Cp promoter 
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(Kempkes 2010, Chau et al. 2006). Following the promoter switch, a long polycystronic 

mRNA template is produced containing all EBNAs.  

Alternative splicing allows all EBNA family proteins to be synthesized from this single 

transcript (Lieberman 2013, Evans et al. 1996, Santak 2004). The Wp promoter activity is 

decreased most likely due to a combination of CpG methylation and competition from the 

more efficient Cp promoter (Elliott et al. 2004). The Cp promoter is also proposed to be 

modulated by other TFs, such as SP1, Egr-1 and NF-Y (Kempkes 2010), and binding sites for 

these factors are found further from the promoter. According to some authors, the EBNA-3 

family and EBNA-1 can also be expressed from the Wp promoter at the same time and in 

addition to the Cp transcripts (Figure 9) (Elliott et al. 2004, Kelly et al. 2006, Young and 

Rickinson 2004). 

 

 

Figure 9 ï EBV latency promoters and corresponding transcripts (Paulson and Speck 1999). At the very early 

stage of infection EBNA2 and EBNA-LP are the first latency transcripts to be expressed. Their expression is 

initiated from the Wp promoter and once EBNA2 accumulates and transcactivates the Cp promoter, 

transcription of all EBNAs is initiated from Cp promoter. A single polcystronic transcript is produced. There is 

however evidence that such polycystronic transcripts are also initiated from the Wp promoter (question marks) 

and present along with Cp-initiated mRNAs in LCLs. There is also evidence that EBNA1 can be independently 

expressed from its own Qp promoter, this explains the occurrence of EBNA1 in Burkitt lymphoma cells and 

other cell types, in which it is the only EBV latency protein/transcript present. 
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EBNA-2 also transactivates LMP-1/LMP2B and LMP2A transcription via RBP-Jk from 

additional independent promoters, LMP1Ap (or ED-L1) and LMP2Ap (or TP1), which are 

located near the TR region (Repic et al. 2010, Wu et al. 2000 et al 2000, Takacs et al. 2009). 

LMP1 can also be expressed irrespective of EBNA2: either when ED-L1 is bound by cellular 

TFs like STATs, IRF7 and activating transcription factor 4 (ATF4), or from yet another 

promoter located within the TR, called L1-TR, which is active in nasopharyngeal carcinoma 

and Hodgkin's lymphoma cells (Repic et al. 2010). 

Some authors propose that in order to enable the promoter shift (Table 1) and full latency III 

expression (Figure 10) the linear genome must form a covalently closed episome via its TRs 

and therefore EBNA1, which mediates the process, has to be expressed early (Santak 2004, 

Repic et al. 2010, Lieberman 2013). In this case EBNA1 would be initially expressed from its 

own independent Qp promoter, before the production of the long Cp transcript (Lieberman 

2013). EBNA1 expression is characteristic of all modes, latent or lytic (Frappier 2010). This 

DNA-binding protein binds two elements within the viral origin of replication (OriP) called 

the family of repeats (FR) and the dyad symmetry (DS) element, circularising the viral DNA 

into an episome (Frappier 2010).  Circularisation of viral DNA may be the crucial pre-

condition allowing for its replication in both lytic (rolling circle replication) and latent 

(bidirectional replication) state, tethering to human chromosomes, packaging and 

maintenance into daughter host cells (Frappier 2010). Circularisation is mediated by EBNA1 

bound to OriP which acts as a platform for recruiting additional host cellular machinery 

including the origin of replication complex (ORC), the minichromosome maintenance 

complex (MCM), shelterin components and polymerase II (Young and Rickinson 2004, 

McFadden and Luftig 2013). 
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Figure 10 ï Full latency III expression (Kieff et al. 2010). Untranslated RNAs are marked by hollow rectangles. 

There are 12 latency transcripts expressed at Latency III.. These include two EBER small RNAs, seven EBNAs, 

and three LMPs  -LMP1, LMP2A and LMP2B. LMP2 function is conferred by the LMP2A protein. There is 

also LMP2B whose function is poorly understood and which may act to inhibit LMP2A. Both have their own 

independent promoters and are translated from different transcripts, however their ORFs overlap and differ only 

by one intron which is unique to LMP2A.  Additionally a variable set of up to twenty BART miRNAs is 

expressed in Latency III. 

 

In the model proposed above, EBNA1 together with CTCF mediate the promoter shift by 

forming DNA loops which join Cp promoter to viral OriP on one side, and OriP to the LMP 

promoter on the other. An enhancer sequence called FR within OriP acts then as a universal 

enhancer for all latency transcripts (Lieberman 2013, Kempkes 2010). EBNA1 can not only 

enable the promoter shift and the transcription of other EBV latency genes, but also acts as an 

independent global transcriptional activator for all latency genes when bound to the FR 

enhancer sequence within oriP. It could also regulate latent transcription through its 

interaction with nucleosome assembly protein 1 (Frappier 2010).  
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Latency  Cp Qp Wp EBER1p EBER2p LMP1+2p BARF0p BARF1p 

ά/Ǉ ƻƴέ         

type III + - +/- + + + + - 

ά/Ǉ ƻŦŦέ         

type II - + - + + +/- + + 

type I - + +/- + + - + - 

type 0 - +/- - ? ? - ? ? 

 

Table-1(adapted from Takacs et al. 2009) ï depicts the activity of promoters (listed in the top panel) in different 

types of latency (listed in the side panel). EBV promoters can be broadly grouped into two categories ï those 

controlling the expression of the EBNA family of proteins and those controlling the expression of LMP 

transmembrane proteins as well as untranslated viral RNAs, namely EBERs (EBER1 and EBER2) and BARTs 

(BARF0 and BARF1). Latency types can also be grouped depending on promoter usage. Particularly latency 

type III differs from others since it relies on the Cp promoter for the transcription of all EBNAs. 

 

Once within the cell, EBV forms a circular episome, which is likely to subvert cellular double 

stranded damage response mechanism and evade degradation (Lieberman 2013, McFadden 

and Luftig 2013). Still, only a minority of genomes manage to undergo successful 

circularisation, which requires DNA processing, homologous recombination and ligation. The 

majority of infections are halted by the cell defense mechanisms, and only 1% of infected B-

cells progress into viral latency (Lieberman 2013). Once circularised, the viral genome may 

continue into an intermittent stage of rolling circle replication, typical of lytic proliferation, 

before key early latency transcripts are expressed, or can very occasionally integrate into the 

cellular genome (Lieberman 2013). If this occurs, EBV frequently loses its virulence 

(Lieberman 2013). Within the nucleus the viral tegument protein BNRF1 mediates 

recruitment of histones and chromatinisation of the EBV episome by interacting with 
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promyelocytic leukaemia nuclear bodies and preventing epigenetic silencing of viral 

repetitive elements and transcription repression (Lieberman 2013).  

EBNA1 may also have other functions and could modulate specific host gene and protein 

activity directly, including elements of the p53 pathway that leads to speculation about its 

function in tumorigenesis (Frappier 2010). However, it is difficult to prove the regulatory 

effects of EBNA1 in isolation from its general enhancer effect on the other latency proteins 

(Frappier 2010). EBNA1 expression has been implicated in lytic infection of epithelial cells 

through displacement of promyelocytic leukemia (PML) nuclear bodies - proteins responsible 

for preventing viral replication (Frappier 2010, Frappier 2011, Frappier 2012, McFadden and 

Luftig 2013). 

Once the promotor shift occurs, a full set of 12 latency transcripts is expressed. This type of 

latent expression is called latency III and is also characteristic of circulating B-cells in IM 

(Calderwood et al. 2007). It causes an antigen-like activation and rapid proliferation of B-

cells. Normally, naïve B cells are activated by antigen binding B-cell receptor (BCR) with 

helper T cell co-stimulation and then migrate to proliferate within germinal centres (Kuppers 

2009). In viral infection, the activation step is replaced by latency III expression whose 

components target multiple signalling pathways (Thorley-Lawson 2001). 

 

1.3.4 Transformation, growth and latent viral replication 

Latency III expression aims to stimulate cellôs growth (Figure 11). Two cellular pathways 

play crucial role in B-cell immortalisation: the Notch pathway and NF-əɓ pathway.  
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Figure - 11 (Liu et al. 2006) - Viral proteins in B-cell transformation process. The two families of EBV latency 

proteins, with the central function of EBNA2 and LMP1, target intrinsic cellular pathways in the cytoplasm 

(intracellular signalling of LMPs). They affect gene expression in the nucleus either directly (EBNA2-RBPJk) 

or indirectly through downstream components of the NF-əɓpathway like p50 and p65. Their ultimate aim is to 

upregulate B-cell proliferation and maturation.  

 

Through interacting with RBP-Jkappa, EBNA-2 upregulates the downstream targets of the 

Notch-signalling pathway, CD21 CD23 and c-myc promoters, thus driving proliferation and 

preventing differentiation (Hiraki et al. 2001,Straus et al. 1993). In normal B-cells Notch acts 

as a tumour suppressor and inhibits B-cell maturation (Kempkes 2010). However, the 

response to Notch varies depending on the signal intensity and developmental stage of the 

cell, and active Notch may act synergistically with CD40 and BCR signalling delivered by 

LMP1 and LMP2 to stimulate proliferation (Kempkes 2010) during the initial stage of the 

infection, but it has to be finally reduced in order to enable B-cell differentiation and latency 

(Hardie 2010). This is likely to be why EBNA-2 expression is switched off later, at the 

germinal centre maturation stage (Thorley-Lawson 2001, Young and Rickinson 2004).  
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Cells with active Notch and c-myc are normally prone to apoptosis, but this is likely 

prevented by the EBNA3 family which silences the expression of the pro-apoptotic Bcl2-like 

protein 11 by recruiting chromatin-silencing histone deacetylase complex (HDAC) (Thorley-

Lawson and Allday 2008, Ocheni et al. 2010). EBNA-LP upregulates EBNA-2 driven 

expression via chromatin modifiers, mainly by relocalising transcription repressors like 

HDAC4/5 away from EBNA-2 target promoters, but also by displacing Sp100A, a cellular 

cofactor associated with chromatin activation, from PML nuclear body proteins. PML nuclear 

body proteins are responsible for an intrinsic defence mechanism against viral infection and 

normally silence viral expression (Ling 2010). In contrast to EBNA-LP, EBNA3 proteins 

reduce the EBNA2 driven activation by competing with and displacing EBNA2 from RBP-

Jkappa (Sims et al. 2010). EBNA-3 proteins and EBNA-LP are crucial for the fine-tuning of 

viral expression (Young and Rickinson 2004). EBNA3C is also involved in abrogation of the 

innate DNA damage response by interacting with host TFs, which would otherwise stop the 

growth of EBV infected B-cells by cell cycle arrest (McFadden and Luftig 2013). 

LMPs are the other group of proteins produced at full latency III. Recombinant EBV, genetic 

and biochemical experiments indicate that LMP-1 is a key viral oncogene essential for B-cell 

transformation (Kieff et al. 2010, Izumi 2010) (Figures 12 and 13). This transmembrane 

protein is present in all EBV-positive malignancies and has oncogenic effects on cultured 

rodent fibroblasts and human epithelial cells (Dawson et al. 2012, Izumi 2010). This is 

because LMP-1 mimics a constitutively activated tumour necrosis factor receptor (TNFR) 

eliciting pleiotropic survival effects (Izumi 2010). In particular, it interacts with tumour 

necrosis factor receptor-associated factors (TRAFs) acting as CD40 and drives nuclear factor-

ə B (NF-kB) canonical and non-canonical signalling pathway (Izumi 2010, Hiraki et al. 2001, 

Young and Rickinson 2004). It also activates, through its CTAR/TES intracellular domain, 

mitogen-activated protein kinase (MAPK) and the downstream cascade of cytokines 
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including extracellular-regulated protein kinase (ERK), c-Jun NH2-terminal kinase (JNK) 

and p38 (Hiraki et al. 2001, Thorley-Lawson 2001, Young and Rickinson 2004). Thirdly, the 

CTAR/TES residues, activate interferon regulatory transcription factor 7 (IRF7) and 

stimulate the JAK/STAT signalling pathway through interferon-beta secretion (Izumi 2010). 

The overall effect of LMP-1 on cellular expression is similar to that of a T-helper cellôs 

signalling, and ensures survival of germinal centre B-cells carrying EBV (Thorley-Lawson 

2001).  

 

 

 

Figure 12 - LMP-1 target pathways (Izumi 2010). LMP1 mimics CD40 and its CTAR/TES1 intracellular 

domain associates with TRAFs but also engages TRADDs and RIP to activate canonical and non-canonical NF-

kB, the main target pathway, as well as JNK and p38. Additionally, LMP1 also activates JAK/STAT pathway 

through induction of interferon regulatory factor 7 (IRF7). 
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Figure 13 ï Human-EBV molecular interactions (Adapted from Kieff et al. 2010). The diagram shows the 

molecular interactions of the key EBV proteins. LMP1 binds TRAFs and TRADDs in effect substitutes CD40 

function in NF-əɓ signalling. It also activates c-JUN and IRF7. LMP2A substitutes BCR signalling and 

modulates  Ras/MAPK signalling. EBNA2 substitutes intra-nuclear Notch and up-regulates c-myc as well as 

CD21 and CD23. 

 

The action of LMP-2 resembles BCR signalling and enables infected B-cells to evade 

immune system check points (Kieff et al. 2010). LMP-2 blocks BCR-associated tyrosine 

kinase activation preventing apoptosis and viral re-activation (Bieging et al. 2010,Cohen 

2000, Dawson et al. 2012). The action of LMP-2 elicits an intact BCR receptor signal 

activating the Ras-pathway and promoting survival (Thorley-Lawson 2001). EBER RNAs are 

likely to also have a role in preventing apoptosis (Crawford 2001,Swaminathan 2010).  

In combination, the latency transcripts mimic antigen-driven stimulation and T-cell help. The 

latency modes are summarised in Table 2 (source: Hiraki et al. 2001). 
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Mode/Transcript  BART EBER EBNA-

1 

EBNA-

2 

EBNA-

3 

EBNA-

LP 

LMP1 LMP2 Typical of EBV-

infected cells in: 

LATENCY I  + + + - - - - -/+ BL 

LATENCY II  + + + - - - + + HD, NPC*, GC*, T/NK 

cell* 

LATENCY III  + + + + + + + + IM, LPD 

LATENCY 0  + + - - - - - -  

 

Table-2: EBV Latency modes (information from Hiraki et al. 2001, Crawford 2001) - the table summarises 

variations in transcript expression at three key stages of EBV infection. Each combination corresponds to one of 

latency modes discussed in the main text. Presence or abscence of a specific transcript is indicated by ñ+ò or ñ-ñ. 

The last field lists diseases or conditions which a particular type of latency is typical of. *In some diseases, 

LMP-1 and LMP-2 expression can vary or be heterogenic. 

 

1.3.5 Germinal centre maturation, differentiation and latency II  

This is the stage of viral infection in which EBV changes its expression to a different type in 

order to secure its long-term survival. To achieve this it must guide the B-cell through the 

maturation process that normally takes place within a germinal centre evading all security 

check-points. This means that EBV can rescue faulty and crippled B-cells that would 

otherwise undergo apoptosis (Spender and Inman 2011 Amon and Farrell 2005 Mancao et al. 

2005). This may be of significance as some malignant tumours cells display a germinal centre 

B-cell phenotype and EBV expression pattern (Rezk and Weiss 2007, Brink et al. 1997).  

EBV might thus rescue B-cells harbouring oncogenic mutations which are ñarrestedò at 

latency III or II stage and cannot complete the maturation process (Thorley-Lawson 2001). 



21 
 

Activated B-cells migrate into follicles where they multiply and form germinal centres. 

Within the germinal centre they would normally undergo rounds of clonal expansion, class-

switch recombination, selection and affinity maturation. Other cells such as follicular 

dendritic cells, macrophages and helper T cells would provide co-stimulatory signals and 

regulate B-cell maturation (Kuppers 2009).  

B-cells proliferate in the dark zone of the follicle where somatic hypermutations take place. 

Somatic hypermutation enables the diversification of the variable (V) region genes of 

immunoglobulin (Ig) heavy and light chains generating different BCR affinity (Thorley-

Lawson 2001, Kuppers 2009). The cells then undergo a check. Autoreactive and inefficient 

B-cells die through apoptosis or are eliminated by macrophages, while high-affinity cells are 

positively selected by co-stimulation from dendritic and helper T cells in another follicular 

compartment called the light zone (Kuppers 2009).  Each cell normally undergoes a series of 

replication and selection before maturing into a memory B-cell (Kuppers 2009). Here, in the 

lymph nodes, the viral expression pattern changes to Latency II, likely in response to signals 

present within the follicles (Thorley-Lawson 2001). EBNA-2 -3 and -LP expression is shut 

down and proliferation stops while LMP1 and LMP2 deliver signals necessary for survival of 

the B-cells and their differentiation into memory cells (Thorley-Lawson 2001). EBNA-2 

expression shut down is obligatory since the protein is the main factor behind EBV-driven 

proliferation preventing the B-cell from acquiring a germinal centre phenotype because of the 

constitutive activation of the Notch pathway (Thorley-Lawson and Allday 2008). The exact 

cause of the latency switch is unknown (Thorley-Lawson 2001). There is evidence that 

through interacting with RBP-Jkappa they recruit HDACs and the C-terminal-binding protein 

1 (CtBP) complex to the Cp promoter facilitating transcriptional repression by histone 

modifications which repress transcription and silence the main viral latency promoter 

(Thorley-Lawson and Allday 2008, Sims et al. 2010). As a result, EBNA-3 proteins switch 
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EBNA-2 expression off altogether stopping proliferation and enabling B cells to differentiate 

out into memory cells (Thorley-Lawson and Allday 2008, Sims et al. 2010). Consequently, 

EBV-directed growth may be directed by a negative feedback loop mediated by EBNA-2 and 

EBNA-3 expression. It is likely that additional signals present in the lymphoid tissue are 

necessary to tilt the balance between EBNA-2 and EBNA-3 (Thorley-Lawson and Allday 

2008). In the germinal centre, presence of interleukin(IL) -4, IL-10 and IL-21 is likely to 

activate LMP1 and LMP2 expression in the absence of EBNA2 (Thorley-Lawson and Allday 

2008).  

 

1.3.6 Viral entry in the immune memory pool and latency I and 0  

This is the final stage of EBV latent infection that ends with the virus drastically reducing its 

activity so that it can evade the immune system. At this stage infected B-cells cannot be 

detected by CTLs and the virus persists undisturbed. Lymphoid tumours showing the 

restricted EBV expression typical of latency I and 0 are limited to Burkittôs lymphoma and 

HIV-associated plasmablastic lymphoma (Rezk and Weiss 2007).  

The mature B-cell exits the germinal centre and lymph node, and enters the circulation 

escaping from interleukin stimulation and other intra-nodal signals. The cell responds to the 

change by expressing EBNA-1 and viral RNAs (latency type I) or un-translated RNA only 

(Latency 0) (Crawford 2001,Straus et al. 1993, Thorley-Lawson and Allday 2008). At this 

stage the Cp promoter becomes methylated, repressing transcription. EBNA-1 expression is 

directed from the Qp promoter (Lieberman 2013).  EBNA1 can be intermittently expressed as 

it elicits a weak immune response in contrast to other EBV antigens since it is inefficiently 

degraded and presented by the MHC class I receptors on cell surface (Hiraki et al. 2001, 

Crawford 2001, Frappier 2010). Its presence is required when the carrier B-cell occasionally 
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divides (Thorley-Lawson 2001).  Some memory B-cells that re-enter the tonsils can then re-

express latency type II, which is likely to be important for cell division and their long-term 

survival (Thorley-Lawson 2001). Occasionally memory B-cells travel back to the lymph 

nodes and, if activated by an antigen, differentiate terminally into plasma cells. This most 

likely causes the virus to enter lytic phase and accounts for low-level viral lytic proliferation 

in the oropharyngeal epithelium and shedding into saliva (Crawford 2001).  

 

1.3.7 Global expression reprogramming during EBV infection 

Viral infection and establishment of latency induces significant global changes in gene 

expression in both host and viral genomes. These changes are induced by CpG methylation, 

histone and higher order chromatin modifications. Each latency type can be characterised by 

a distinct epigenotype (Lieberman 2013). By modulating levels of key chromatin modifiers 

like H4K20me3, H3K27me3, H3K9me3, H4K20me3 and H3K9me3, EBV decreases 

chromatin silencing and increases promoter accessibility eliciting global activation of 

thousands of genes, including HOX and ZNF (Hernando et al. 2014). There is evidence that 

this effect is EBV-specific and distinct from growth-promoting CD40L/IL-4 stimulation and 

that it is largely independent of EBNA2 action (Hernando et al. 2014). 
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1.4. EBV-associated diseases 

 

1.4.1. Background 

Properties of the viral latency transcripts can, under certain specific conditions, cause disease 

(Crawford 2001). Since its discovery, EBV has been linked to a range of diseases that can 

broadly be grouped into autoimmune diseases and tumours (Maeda et al. 2006) (Tables 3 and 

4). The latter can be further grouped into lymphomas, lymphoproliferative disorders, 

mesenchymal and epithelial malignancies.  

 

Disease Prevalence of EBV / disease tissue Cofactors 

X-linked lymphoproliferative 
disease 

Nearly 100% XLPS mutations 

Infectious Mononucleosis Nearly 100%  

B-cell lymphoproliferative 
disease 

90% post-transplant 
 
50% HIV-associated peripheral lymphoma 
 
~100%  HIV-associated primary CNS lymphoma 

Immunosuppression 

.ǳǊƪƛǘǘΩǎ ƭȅƳǇƘƻƳŀ 96-100% in Malaria endemic areas 
 
10%-70% in sporadic cases 
 
30%-40% in AIDS 

Immunosuppression 
c-myc deregulation 
malaria 
HIV 
 

IƻŘƎƪƛƴΩǎ ƭȅƳǇƘƻƳŀ 40%-80% 
 
(60% in children, 
 
80% in young adults) 

IM 

T/NK cell lymphoma 10% Immunosuppression, 
chronic IM 

Primary effusion lymphoma 70%-80%  

Nasopharyngeal carcinoma ~100% non-keratinizing 
 
30%-100% keratinizing (higher in endemic areas) 

Genetic factors 
Environment (diet) 

Gastric carcinoma 100% undifferentiated lymphoadenocarcinoma 
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5%-15% adenocarcinoma 

Oral hairy leukoplakia 100%  

 

Table-3 ï EBV-associated disorders summary (Crawford 2001, Macsween and Crawford 2003) ï diseases in 

which EBV has been proven to play a role of a causal factor or a co-factor are listed below in the first field; 

second field quotes the prevalence of EBV in disease-affected tissues; third field outlines any additional co-

factors promoting the disease. 

 

Disease EBV association 

SLE Aberrant T-cell response against EBV, Increased seroprevalence, Elevated anti-EBV 

antibodies (also predating disease onset), Increased EBV load 

RA Aberrant T-cell response against EBV, Elevated anti-EBV antibodies, Increased EBV 

load 

MS Aberrant T-cell response against EBV,  Increased seroprevalence, Elevated anti-EBV 

antibodies (also predating disease onset), positive association with IM, Increased 

EBV load (partial evidence) 

 

Table-4 ï EBV-associated autoimmune diseases ï table delineates the evidence and nature of EBV association 

with the three autoimmune diseases ï Systemic Lupus Erythomatosus (SLE), Rheumatoid Arthritis (RA) and 

Multiple Sclerosis (MS). 

 

In most of these conditions the virus acts as an important co-factor. Of particular importance 

are the multiple interactions and effects of viral oncogene proteins aimed to ensure long term 

viral persistence and survival; these become tumourigenic in abnormal conditions. As the 
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viral proteins are dependent on cellular pathways, determining their regulation may indicate 

potential therapeutic targets. 

 

1.4.2 Disorders of the lymphatic tissue 

 

1.4.2.1 Introduction  

Because EBV takes advantage of natural B-cell development in order to infect and persist, it 

is not surprising that the main and most frequent type of EBV-associated diseases are 

lymphomas and lymphoproliferative disorders. In some, EBV is the direct cause. This is 

supported by the finding that many patients with or at risk of EBV-positive lymphomas have 

higher anti-EBV antibody levels, and in all EBV-positive tumours the infection occurs prior 

to cancer development (Kieff et al. 2010). 

 

1.4.2.2 Primary Infection and Infectious Mononucleosis 

Exposure to EBV is ubiquitous and over 90-95% worldôs adult population becomes infected 

in their lifetime (Crawford 2001,Straus et al. 1993,Thorley-Lawson 2001,Hopwood and 

Crawford 2000). Many individuals will become infected by multiple herpes viruses in their 

lifetime, and can also be infected by multiple EBV strains (Crawford 2001). During primary 

infection, EBV stimulates B-cell proliferation and replicates with the host cell by 

bidirectional replication, if latent. It also replicates lytically (by rolling circle replication) in a 

subset of 0.1-0.0001% B cells, which accounts for its presence in the saliva of the infected 

individuals (Crawford 2001,Dimmock et al. 2007). The number of transformed B-cells varies 
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from individual to individual, but falls within the range of 1 to 50 cells per million (Hiraki et 

al. 2001,Crawford 2001). 

Most infections, particularly in developing countries, occur sub-clinically in early childhood 

(by the age of 3-5 years), however in developed countries up to 50% individuals may remain 

uninfected into adolescence and 30% to 50% out of these individuals, upon primary infection, 

will develop Infectious Mononucleosis (IM) with glandular fever, pharyngitis and 

adenopathy (Ascherio and Munger 2007,Crawford 2001,Dimmock et al. 2007,Straus et al. 

1993,Rubicz et al. 2013). These symptoms are caused by strong humoral and cellular immune 

responses with substantial CD8+ cytotoxic T lymphocytes (CTLs) activation (Crawford 

2001). In acute infection, viral BCRF1 (high homology to interleukin-10) and BARF1 

proteins help evade the immune response by inhibiting the synthesis of interferon gamma and 

alpha, respectively (Hiraki et al. 2001,Straus et al. 1993).  

EBV infection and B-cell proliferation is controlled by the host CTLs and between 0.1% to 

3% of peripheral blood CD8+ and CD4+ T cells in every individual who has undergone 

infection in the past are EBV-specific (Kieff et al. 2010). In healthy individuals, CTLs 

eventually overcome the virus eliminating the replicating B-cells. Once this primary infection 

is contained, a state of equilibrium follows in which the virus is mostly present in a pool of 

transformed resting memory B-cells. As the immune system eliminates replicating EBV-

infected B-cells (which display lytic antigens easily detectable by CTLs), lytic replication 

stops almost entirely and shedding of viral particles into saliva decreases. However it does 

not stop entirely because a small subset of EBV-infected peripheral memory B-cells re-

ciruclate periodically back into lymph nodes where, in response to unknown factors, they 

undero differentiation into plasma cells which automatically elicits lytic replication (Thorley-

Lawson 2001, Straus et al. 1993). Unlike other Herpesviruses, EBV does not re-activate in 
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healthy individuals and acute infection converts to asymptomatic persistent infection (Straus 

et al. 1993).  

In primary infection, EBV can cause mild fever, and in approximately 30-70% of adolescents 

and young adults it can lead to IM (Tattevin et al. 2006, Hopwood and Crawford 2000).  This 

type of infection can be seen as a mild lymphoproliferative disease and its characteristic 

feature is a rapid increase in infected B-lymphocytes (Crawford 2001). The immune system 

cannot control the infection at its early onset which leads to high levels of lytic replication 

and subsequent re-infection (Thorley-Lawson 2001,Hadinoto et al. 2008). A positive 

feedback loop is established allowing EBV to infect up to 25% of memory B-cells (Thorley-

Lawson 2001, Hadinoto et al. 2008). This may be caused by a higher viral dose at inoculation 

or an initial nonspecific and crossreactive T-cell response (Crawford 2001). As more B-cells 

are transformed and more cytotoxic T cells are committed to fight the virus, a massive 

inflammatory and polyclonal immune response takes place eliciting characteristic disease 

symptoms of IM (Tattevin et al. 2006). Older patients in particular are at risk of severe IM 

that may require hospitalisation and, in extreme cases, even result in death (Tattevin et al. 

2006). The course of IM is partly determined by the ability of the virus to enter different cell 

types, including already differentiated memory B-cells, which once transformed cannot 

further differentiate and continue to proliferate instead (Thorley-Lawson 2001).  

Occasionally IM also manifests in persistent fever, severe hepatosplenomegaly, severe 

cytopenia, coagulopathy, central nervous system (CNS) abnormality, vascular dysfunction 

and histiocytic erythrophagocytosis and is recognised clinically as EBV-associated 

hemophagocytic lymphohistiocytosis (EBV-HLH) (Kasahara et al. 2001). This type of 

extreme primary EBV infection can often result in premature death. Infection plus activation 

of T cells observed in this disorder is considered to be the underlying cause of abnormal 

regulation of cytotoxic T-lymphocyte (CTL) response (Kasahara et al. 2001). 
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In rare cases, primary acute EBV infection in children is accompanied by dermatosis with 

confluent papules or papulovesicles present symmetrically on the face and buttocks, and 

sometimes also with fever, hepatosplenomegaly or lymphadenopathy (Gianotti-Crosti 

syndrome) (Chisholm and Lopez 2011, Llanora et al. 2012). 

 

1.4.2.3 Chronic active EBV infection  

Normally, viral proliferation is overcome by the immune system and the positive loop of 

proliferation and re-infection is broken, however very rarely the symptoms persist for 6 

months or longer and lead to other complications involving major organs including acute 

renal failure, hepatic failure, gastrointestinal or pulmonary haemorrhage (Maeda et al. 2006, 

Tsai et al. 2011). This happens in non-immunocompromised patients, whose T and NK cells 

become infected by EBV in chronic infection, but can also occasionally occur during normal, 

acute primary EBV infection (Kasahara et al. 2001, Tsai et al. 2011). In chronic active EBV 

infection (CAEBV), the mechanism through which EBV manages to establish infection of T 

or NK cells (or T cells in EBV-HLH) is unknown (Kasahara et al. 2001).  

 

1.4.2.4 Lymphoproliferative disorders 

Any factor altering the balance between the virus-driven low-level lytic replication and the 

level of cytotoxic T-cells that control infection, can result in uncontrolled B-cell proliferation. 

This in turn leads to benign hyperplasia or malignancy (Maeda et al. 2006, Muti et al. 

2003,Muti et al. 2005). This often happens in immuno-compromised patients and leads to 

cellular hyperproliferation and a range of EBV-positive lymphoproliferative disorders 

(Dojcinov et al. 2011, Hsu and Glaser 2000, Dimmock et al. 2007, Crawford 2001, Straus et 
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al. 1993). This may also explain why higher EBV load is seen in immunoblastic lymphomas 

of immune-compromised patients (Thorley-Lawson and Allday 2008). EBV positive 

lymphoproliferative disorders can be classified into several subtypes (Campo et al. 2011, 

Shroff and Rees 2004). Benign forms include lesions present mostly in tonsils, adenoids or 

lymph nodes and not affecting other tissues (Ibrahim and Naresh 2012). These lesions are 

typically found in IM-like hyperplasia (Shroff and Rees 2004). Polymorphic (as all types of 

B-cell morphology and differentiation stages are present) lymphoproliferative disorder affects 

extranodal tissues with destruction of tissue structure and infiltrations of T-cells and 

macrophages (Ibrahmi, Shroff and Rees 2004). B-cells in polymorphic lymphoproliferative 

disorder may be derived from a single clone (with specific immunoglobulin gene 

rearrangement), or less typically, they may be polyclonal (though always monoclonal for IgH 

and the EBV genome) (Ibrahim and Naresh 2012, Chadburn 2013). Early lesions and 

polymorphic lymphoproliferative disorder are characterised by latency type II and III 

expression, and can regress upon alleviation of immunosuppression (Shroff and Rees 2004).  

 

 

Table 5 ï Non-malignant lymphoid tumours. Subtypes of PTLD (WTHO classification after Jascobson and 

Lacasce 2010). 
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EBV-positive benign lymphoproliferative disorders encompass primary and acquired 

immunodeficiency lymphoproliferative disorder, senile lymphoproliferative disorder, some 

AIDS-associated lymphoproliferative disease, B-cell post-transplant lymphoproliferative 

disease (PTLD, Table 5), lymphoproliferative disorder caused by treatment with methotrexate 

or tumour necrosis factor-Ŭ (TNF-Ŭ) antagonists, and X-linked lymphoproliferative syndrome 

(Rivat et al. 2013, Hopwood and Crawford 2000, Dojcinov et al. 2011). In all these 

conditions the disease is a direct result of viral transformation left unchecked. Only in X-

linked lymphoproliferative syndrome, a genetic fault disables successful immune response 

against the virus.  Typically, early-onset lesions are polymorphic and polyclonal expressing 

latency III growth programme, typical of uncontrollably proliferating B-cells. Key viral 

oncogenes EBNA2 and LMP1 are the main cause of outgrowth (Hopwood and Crawford 

2000). However, additional oncogenic mutations will lead to malignant monoclonal tumours, 

where frequently a more restricted pattern of viral expression is observed (Hopwood and 

Crawford 2000, Tattevin et al. 2006). This tumorigenesis may be enhanced by increased 

proliferation that increases the chances of mutation (Crawford 2001).  

 

1.4.2.5 Monomorphic lymphomas 

If untreated, polymorphic forms of diseases like PTLD, AIDS-associated or senile 

lymphoproliferative disorder, may eventually convert to a monomorphic cancer, usually a 

diffuse large B-cell lymphoma (Montanari et al. 2010). Monomorphic disorders are 

malignant and aggressive, and unlike early lesions and polymorphic lymphoproliferative 

disorders, usually do not respond to reduction of immunosuppression (Ibrahim and Naresh 

2012). If unchecked, typically the disorder progresses through the full spectrum from an early 
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hyperplastic lesion to a malignant monomorphic lymphoma (Chadburn 2013). Most 

monomorphic lymphomas fall, according to the World Health Organization, into Hodgkin 

lymphomas, and non-Hodgkin lymphomas that include diffuse large B-cell lymphoma and 

Burkitt lymphoma - the most common types. However EBV DNA and expression has been 

associated with other rare types of lymphatic cancer like pyothorax-associated lymphomas, 

CNS lymphomas in non-immunocompromised patients as well as lymphomatoid 

granulomatosis (another rare type of non-Hodgkin B-cell lymphoma) (Cohen 2000). 

There are also other types of non-Hodgkin's EBV-positive lymphomas, but which affect other 

immune cells. These fall within the T- and NK-cell lymphoma category (Montanari et al. 

2010).  

In contrast to polymorphic lymphoproliferative disorder, in which EBV onco-proteins 

directly drive B-lymphocyte proliferation, in malignant monomorphic lymphomas EBV is 

instead a co-factor and additional somatic mutation are critical for the malignancy to arise 

(Ibrahim and Naresh 2012, Chadburn 2013, Thorley-Lawson 2001). Uncontrolled viral 

infection in immune-compromised people might promote the outgrowth of monomorphic 

lymphoma through increased rate of B-cell division and limited ability of the immune system 

to eliminate faulty cells harbouring oncogenic mutations. Evidence for this is seen in tumour 

progression from hyperplasia, through benign polymorphic disorder into malignancy, as 

previously discussed. Oncogenic alterations may be sufficient to cause the disease on their 

own and consequently not all malignant lymphomas are EBV positive (Thorley-Lawson 

2001).  
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1.4.2.6 Post-transplant, HIV -associated and senile lymphoproliferative disorder 

Following a transplant, immune suppression is necessary to avoid graft rejection. Under these 

conditions, PTLD can occur. Early symptoms usually manifest as an IM-like benign 

lymphoproliferative illness characteristic of viral reactivation, which occurs in 1-10% 

transplant patients, particularly those who were previously unexposed to the virus (Hopwood 

and Crawford 2000). A similar mechanism occurs in a subgroup of B-cell lymphomas 

affecting HIV carriers. HIV-associated lymphoproliferative disorders are caused by HIV-

induced immunosuppression, which abrogates immune systemôs control of proliferation of 

EBV-infected B-lymphocytes (Carbone et al. 2008). This causes an IM-like disease which 

can however convert to an aggressive B-cell lymphoma, the second most common 

malignancy in AIDS patients after Kaposi sarcoma caused by the very closely related Kaposi 

sarcoma virus (Roland and Stock 2003, Rezk and Weiss 2007). Latency III expression is 

typical of of PTLD and HIV-associated lymphoproliferative disorder (Carbone et al. 2008).  

Senile lymphoproliferative disorder with a prevalence of 6-11% in individuals aged 60 and 

over, was identified in 2003 (Schiozawa et al. 2007). As previously discussed, the phenotype 

varies between polymorphic polyclonal disease (proposed to be typical of early-onset 

disease) and monomorphic disease where LMP1 or both LMP1 and EBNA2 are present (type 

II or type III latency) (Shmioyama et al. 2006, Oyama et al. 2003, Gibson and Hsi 2009). It 

occurs in patients with no apparent immunodeficiency although age-related impaired T cell 

immunity and immune system deterioration has been proposed as an underlying cause 

(Mueller et al. 2007, Schiozawa et al. 2007, Dojcinov et al. 2011). 
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1.4.2.7 X-linked lymphoproliferative disorder (XLP)  

X-linked lymphoproliferative disease (XLP) is genetic heritable disease that manifests in 

uncontrolled primary EpsteinïBarr virus (EBV) infection, lymphoma or 

dysgammaglobulinaemia (Rezaei et al. 2011). The onset of the disease most often ensues 

upon primary EBV infection by the age of 2.5 years and patients appear healthy beforehand 

(Rezaei et al. 2011). Rapid expansion of T and B-cells, most occurs likely caused by T- and 

natural killer (NK)-cell dysfunction with 100% mortality by the age of 40 (Coffey et al. 1998, 

Engel et al. 2003, Rezaei et al. 2011). Fatal IM with EBVïassociated hemophagocytic 

lymphohistiocytosis is the cause of death in approximately 50-60% cases of XLP, while 26% 

cases are caused by malignant monoclonal lymphomas and over 30% by 

dysgammaglobulinaemia (Marsh et al. 2010, Coffey et al. 1998). Most cases of the disorder 

are caused by germline mutations to SH2D1A, encoding SLAM-associated protein (or SAP ï 

an intracellular adaptor and immunomodulator of NK and T cells) that is expressed in T and 

NK cells (Rezaei et al. 2011). Mutant SAP, controlling the transduction of signals mediated 

by the SLAM receptor family and antigen-driven NK and T cell activation, impairs NK and 

CD8+ T-cell cytotoxicity towards EBV-transformed B-cells (Filipovich et al. 2010, Rezaei et 

al. 2011, Rivat et al. 2013). A similar but less frequent form of XLP is caused by mutations of 

XBIRC4 encoding apoptosis inhibitor XIAP (Schmid et al. 2011,Marsh et al. 2010). XIAP 

mutations are likely causing elevated levels of apoptosis among cytotoxic T cells controlling 

EBV primary infection, leading to a hyperproliferation of transformed B-cells and EBVï

associated hemophagocytic in 90% of cases (Marsh et al. 2010). In XIAP XLP, EBV 

association may be slightly weaker than in the first type (Marsh et al. 2010, Rezaei et al. 

2011), however recent studies suggest over 80% of XIAP XLP cases are EBV-positive 

(Schmid et al. 2011). 

 



35 
 

1.4.2.8 Burkitt ôs lymphoma 

EBV itself was first discovered and isolated from cultured cells of Burkittôs lymphoma (BL) 

(Thorley-Lawson and Allday 2008). BL is a tumour most prevalent in sub-Saharan Africa 

and coincides strongly with malaria distribution (Thorley-Lawson and Allday 2008). Almost 

100% of African BL cases are EBV-positive, however this association is not consistent and in 

other parts of the world cases can fall below 25% (Thorley-Lawson and Allday 2008). A 

critical feature of BL is the translocation of the c-myc proto-oncogene into one of the 

immunoglobulin loci (Figure 14), which leads to constitutively active myc expression and 

tumourigenesis. It is also frequently accompanied by p53 and other mutations (Crawford 

2001). The translocation most likely occurs in germinal centres as the result of faulty somatic 

hypermutation and involves transfer of c-myc from chromosome 8 at band q24 to one of 

immunoglobulin loci at 14q32, 22qll or 2pll (Veronese et al. 1995, Crawford 2001) (Figure 

15).  

 

Figure 14 ï C-myc translocation visualised by FISH. Image courtesy of Monica Gostissa, PhD, PhD, 

PCMM/IDI, Children's Hospital Boston. Oncogenic c-myc translocation into the IgH locus is shown in green. 
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Other factors also increase the risk of the disease (Crawford 2001). In the regions of Africa 

and New Guinea where BL tumours are frequent and consistently EBV positive, BL is known 

as ñendemic BLò (Figure 15) (Molyneux et al. 2012). In these BL-endemic and malaria-

endemic regions, high prevalence of the malaria parasite is associated with higher incidence 

of EBV-positive BL, and antibody levels against EBV in African children increase the risk of 

developing BL later in life (Dethe et al. 1978,Piriou et al. 2012,Thorley-Lawson and Allday 

2008). This suggests a causative role of EBV in areas of endemic BL (Molyneux et al. 2012).  

 

 

Figure 15 ï Comparison of endemic BL distribution (upper panel) with global malaria parasite distribution 

(bottom panel). Sources: Dr Richard C. Hunt, ñONCOGENIC VIRUSESò at http://pathmicro.med.sc.edu/ 

 

However, in EBV-positive BL, viral expression is restricted and typical of latency mode I, 

normally associated with differentiated resting memory B-cells, therefore the possibility of 

http://pathmicro.med.sc.edu/
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EBV as causal factor remains controversial (Thorley-Lawson and Allday 2008, Rezk and 

Weiss 2007). It has been proposed that in BL-endemic regions malaria increases BL risk 

through immunosuppression of T cells and by promoting viral reactivation resulting in higher 

EBV replication and load. As more B-cells are transformed and germinal centres are formed, 

the likelihood increases of one of them gaining a malignant mutation (Thorley-Lawson and 

Allday 2008, Crawford 2001). Malaria might thus increase the viral load, and also promote c-

myc translocation by repetitive infection and antigen activation of B-cells (Thorley-Lawson 

and Allday 2008, Rasti et al. 2004). There is evidence that the viral contribution towards BL 

pathogenesis lies in the anti-apoptotic activity of the EBNA3 proteins that promote epigenetic 

silencing of proapoptotic Bcl2-like protein 11 expression in cells with active c-myc (Thorley-

Lawson and Allday 2008). By this repressive mechanism, EBV-infected B-cells do not 

undergo apoptosis in response to EBNA-2 driven c-myc activation. However, this also means 

that they can survive with mutations such as the BL characteristic c-myc translocation 

(Thorley-Lawson and Allday 2008). Once they leave the lymph node, they stop the 

expression of most of latency genes, however unlike in normal EBV primary infection, the 

aberrant translocated myc enforces continuous proliferation (Thorley-Lawson and Allday 

2008). Malaria could also promote translocation of c-myc independently, by inducing the 

enzyme cytidine-deaminase (AID) (Molyneux et al. 2012, Rasti et al. 2004). 

A similar effect to malaria parasite manifesting in higher B-cell proliferation and viral load 

may be caused by HIV-induced immunosuppression (Ruf and Wagner et al. 2013, Hartman-

Johnson et al. 2013) or, alternatively, HIV might contribute to oncogenesis directly (Grogg et 

al. 2007). However, only 40% of European HIV-related BL cases are EBV-positive and there 

is no conclusive evidence as to whether HIV infection increases the risk of BL additionally in 

endemic BL regions (Molyneux et al. 2012 Mutalima et al. 2008). This may implicate more 

than one underlying mechanisms. In HIV-related BL cases, which, unlike in endemic BL, can 
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be characterised by high levels of CD4 T-cells and lower EBV seropositivity, it has been 

proposed that chronic viraemia results in chronic mass activation of naïve B-cells and 

induction of AID (Molyneux et al. 2012). HIV-associated immunosuppression may then 

rescue cells with c-myc translocation in the absence of EBV. Recently, a study of Kenyan 

children born to HIV-infected mothers demonstrated they acquired EBV earlier and had 

higher viral loads, which may indicate that the virus can be a contributing factor (Slyker et al. 

2013). 

 

1.4.2.9 Hodgkin's disease 

Hodgkinôs lymphoma (HL) is one of the most common lymphomas in the world, with an 

incidence of 3 per 100,000 each year (Kuppers 2009). This type of lymphoma is specifically 

characterised by the low-level presence of abnormal B-lymphocytes called Hodgkin and 

ReedïSternberg (HRS) cells, or lymphocytic and histiocytic (L&H) cells, depending on the 

morphological subvariety of HL (Kuppers 2009). These abnormal lymphocytes originate 

from B-cells losing the typical B-cell phenotype and expression and undergoing extensive 

reprogramming which alters global expression (Kuppers 2009). This is a unique feature of 

HL distinguishing it from other (non-Hodgkin) lymphomas. As a result HRS cells retain only 

receptors involved in helper T-cell co-stimulation, necessary for their survival in the germinal 

centre, and express markers of different haematopoietic cells including CD30 (tumour 

necrosis factor receptor superfamily member 8) and CD15 (Kuppers 2009). This might be 

essential in cellular interactions with non-tumour cells that form the majority of the tumourôs 

tissue (Kuppers 2009). They have elevated expression of TFs that inhibit B-cell development 

such as Notch 1 and GATA (Kuppers 2009). Most importantly HRS cells have deregulated 

and active JakïStat and NF- B pathways. The majority of genetic lesions typical of HL affect 
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both of these pathways, demonstrating their significance for HL tumourigenesis (Kuppers 

2009). At the same time HRS cells are characterised by downregulated PAX5 ï a TF 

responsible for B-cell lineage commitment (Kuppers 2009). The role of EBV in HL aetiology 

is unclear, however about 40% cases of classic HL are EBV-positive growing to 90% EBV-

positive in paediatric HL and nearly 100% in HIV HL, with all cases invariably expressing 

the latency II programme (Kuppers 2009). It is thought that the viral proteins can substitute 

the effects of the pathogenic function of some mutant genes such as TNFAIP3 and also 

contribute to B-cell survival in the germinal centre (Kuppers 2009). Interestingly, virtually all 

cases of HL in which HRS cells lack the receptors necessary for helper T-cell co-stimulation 

and survival are EBV-positive (Kuppers 2009). This suggests that the expression of viral 

proteins, LMP1 and LMP2, which substitute the survival signals in the germinal centre, might 

contribute to tumourigenesis. LMP1 is of particular interest as it constitutively activates the 

NF-kB pathway, whose essential role in HL has been highlighted by many authors (Crawford 

2001, Hsu and Glaser 2000). A mechanism must exist, that prevents B-cells in the germinal 

centre from switching off LMP1 oncogene expression, even upon their exit into the 

circulatory system. This is possibly crucial to HL as constitutive abnormal activation of 

cellular pathways, mainly Jak-STAT and NF-kB is a central feature in contrast to other 

malignant lymphomas (Kuppers 2009). Nonetheless, it is still unclear what constitutes the 

critical step of HL outgrowth and whether reprogramming is involved or if it is a side-effect 

(Kuppers 2009). 

 

 

 

 



40 
 

1.4.3 Non B-cell tumours 

 

1.4.3.1 Introduction 

For specific genetic backgrounds, EBV can infect other cell types. This has been occasionally 

seen in IM and frequently in CAEBV in which the virus can also infect T and natural killer 

(NK) cells (Rezk and Weiss 2007, Kimura et al. 2001). NK/T cell lymphomas, just as B-cell 

lymphomas, can range from a polymorphic to monoclonal malignant lines, with the latter 

arising from a pool of polyclonal EBV infected cells (Kimura et al. 2001, Young and 

Rickinson 2004). EBV infection has been found in cases of NPCs and gastric carcinomas, in 

which genetic predisposition possibly accompanied by early mutations might permit the virus 

to infect the epithelium (Young and Rickinson 2004). 

 

1.4.3.2 NK/T cell lymphoma  

Extranodal NK/T cell lymphoma (or Angiocentric lymphoma of the nasal-type) is another 

type of tumour almost exclusively associated with EBV and predominant in East and South-

East Asia, Central and Southern America, but rare in Western countries (Schmitt et al. 2011, 

Suzuki et al. 2008, Kuo et al. 2004, Motsch et al. 2013). It most often arises from a single 

clone of an NK cell, or less frequently (14% cases) T cells in extranodal sites within the nasal 

cavity, maxillary sinuses and palate, or in skin, testis, lungs and the gastrointestinal tract 

(Schmitt et al. 2011, George et al. 2012). The tumour has a tendency for dissemination and 

relapses, and is characterised by high mortality and a 5-year survival rate of below 50% 

(Schmitt et al. 2011, Takahashi et al. 2002). EBV genome copy number in serum or whole 

blood is indicative of treatment outcome, with high levels of virus associated with poor 
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disease outcome (George et al. 2012, Schmitt et al. 2011, Jaccard et al. 2009). EBV positive 

NK/T cell lymphomas normally express genes characteristic of type I latency or, less 

frequently, type II latency, similar to Reed-Sternberg cells in HL (George et al. 2012). 

Al though the precise pathogenic mechanism is unknown it is thought that the virus 

contributes to the early stages of tumourigenesis (Fox et al. 2011, Huang et al. 2010, George 

et al. 2012). Oncogenic properties of LMP1 and its potential role in promoting survival of 

tumour cells might be of critical importance as blocking expression of LMP1 causes growth 

suppression of EBV positive NK cells (Murata et al. 2014). However, it should be noted that 

the expression of LMP1 in EBV positive NK/T cell lymphomas is not universal (George et al. 

2012). Most importantly it is still unknown how the virus manages to infect mature T and NK 

cells, which lack the crucial CD21 co-receptor (George et al. 2012). Such cells are observed 

in tonsils of patients undergoing primary EBV infection (George et al. 2012). The fact that 

high prevalence is restricted to certain populations indicates that genetic and local 

environmental factors contribute to tumourigenesis (George et al. 2012). EBV-positive T and 

NK cell malignancies also include other, rare disorders like angioimmunoblastic 

lymphadenopathy (a peripheral T-cell lymphoma ) and NK/T-cell granular 

lymphoproliferative disorder (Cohen 2000, Hiraki et al. 2001, Hsu and Glaser 2000, 

Delecluse et al. 2007), which has recently re-classified as a separate entity in lymphoma 

classification (Gattazzo et al. 2013). 

 

1.4.3.3 Nasopharyngeal carcinoma (NPC) 

The non-keratinizing undifferentiated subtype of NPC (WHO type III) represents 85% of 

NPC in high risk regions and is associated in virtually all cases with EBV. In China and other 

NPC endemic regions the EBV-association is high for both non-keratinizing NPC subtypes, 
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WHO types II and III, as well as keratinizing NPC (Yoshizaki et al. 2012, Shair et al. 2009, 

Shah and Young 2009, Young and Rickinson 2004, Wildeman et al. 2012). The virus, 

expressing latency II genes, has been proposed to play a critical role in cancer development, 

however additional genetic and environmental factors are also thought to contribute (Jia and 

Qin 2012, Hildesheim and Wang 2012, Louis et al. 2010). This is because NPC follows an 

unusually restricted and highly localised distribution, being generally rare world-wide (with 

an incidence of 1 case per 100,000) (Marquitz and Raab-Traub 2012), however much more 

frequent in South-East Asia with an incidence of 6.5 cases per 100,000. This rises to 20-31 

per 100,000 in certain Chinese cities and other places in South-East Asia, particularly among 

the Cantonese ethnic group (Jia and Qin 2012) (Figure 16). 

 

Figure 16 - NPC distribution in China. (reproduced from Tao and Chan 2007) 

 

Family history of cancer, especially NPC, increases the risk 4 to 10 times (Jia and Qin 2012). 

Studies of risk in migrant populations indicate both regional environmental factors and 

genetic predispositions are important in NPC development (Jia and Qin 2012). In the past 

decade variants in HLA Class I genes, and several other candidates: RAD51L1, MDM2, 

MMP2 and TP53, were identified as associated with NPC, however the modest size of the 

discovery cohorts and no replication studies undermine the significance of the findings 
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(Hildesheim and Wang 2012). The HLA locus has been the most consistent finding across all 

studies and the largest GWAS study also identified other potential associations including 

TNFRSF19 (Hildesheim and Wang 2012). A model has been proposed in which 

environmental factors induce EBV reactivation and DNA damage, and act together with 

genetic predispositions to enable EBV to infect epithelial cells where it cannot differentiate, 

and where constitutive expression of LMP1 induces carcinogenesis directly (Thorley-Lawson 

2001, Jia and Qin 2012, Dawson et al. 2012). Thus, in contrast to B-cell lymphomas, EBV is 

thought to be the direct cause of the disease (Shah 2009, Young and Rickinson 2004). A 

treatment with EBV-specific cytotoxic T cells has been proposed, which would target viral 

proteins involved in tumourigenesis including EBNA1, LMP 1 and LMP2 (Louis et al. 2010). 

 

1.4.3.4 Gastric carcinoma 

5 to 10% of adenocarcinomas and 90% of lymphoepithelial carcinomas of the stomach are 

characterised by EBV infection of the epithelium in which latency type I or type II genes are 

expressed. LMP1 expression is present inconsistently and at low levels or, in the case of 

adenocarcinoma, absent altogether (Shah and Young 2004, Delecluse et al. 2007). LMP2 

expression can also be absent (Fukayama et al. 1994). The absence of LMP1 and EBNA2 

expression (both known to be the key oncogenes) in latency type I tumours has led to a 

hypothesis that other factors, most likely somatic mutations, are the direct cause of cancer 

(Fukuyama et al. 1994). Virtually all cases of GC are characterised by monoclonal EBV 

genomes and thus the virus is thought to epigenetically drive the alteration of global 

expression including inactivation of tumour suppressors (Fukuyama et al. 1994).  
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1.4.4 Other EBV-associated disorders 

EBV DNA and latency proteins may also play a role in pathogenesis of smooth-muscle 

tumours in transplant recipients (Hiraki et al. 2001, Cohen 2000, Delecluse et al. 2007). The 

virus is also a direct cause of oral hairy leukoplakia in patients with acquired 

immunodeficiency syndrome (AIDS) manifesting in benign lesions of the tongue caused by 

lytic viral infection of the differentiated squamous epithelial cells (Crawford 2001, Delecluse 

et al. 2007).  

 

1.4.5 EBV-related autoimmune diseases 

EBV has also been implicated in autoimmune diseases, notably Multiple Sclerosis (MS), 

Systemic Lupus Erythomatosus (SLE) and Rheumatoid Arthritis (RA). The body of evidence 

indicating an association between EBV and MS includes almost universal seropositivity for 

the virus in MS patients, similar latitudinal distributions of IM and MS and strong evidence 

that people with MS are more likely to have undergone IM in the past (Ramagopalan et al. 

2010, Lossius et al. 2012). Some studies suggested increased MS risk in association with 

higher levels of antibodies against the EBNAs (Ramagopalan et al. 2010). Higher 

seropositivity and anti-EBV antibodies are also associated with increased risk of SLE 

(Lossius et al. 2012). Additionally, the epitope-specificity of the anti-EBV antibodies differs 

between healthy individuals and SLE patients (Lossius et al. 2012). Elevated anti-EBNA 

titres are also a feature of RA, but do not predate the disease (Lossius et al. 2012). Some 

studies have suggested that EBV DNA load in peripheral blood mononuclear cells (PBMC) 

may be higher in patients with a clinically isolated syndrome (CIS) or relapsingïremitting 

MS (Ramagopalan et al. 2010). Higher EBV load has also been demonstrated in RA and SLE 

patients (Lossius et al. 2012).  
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Several theories have been proposed to explain these associations (Pender 2011, Ascherio 

and Munger 2007). For example, one asserts the autoimmune response is caused by cross-

reactivity of some T-cells to both EBV antigens and the hostôs cellular peptides, for instance 

myelin-derived (Pender 2011, Yasui et al. 2008, van Noort et al. 2000). According to a 

variant of this hypothesis, low expression of a heat shock protein called ŬB-crystallin which 

is normally absent in most human tissues leads to its low immune tolerance and can result in 

autoimmune reaction against ŬB-crystallin derived from oligodendrocytes and demyelination 

after CNS inflammation (Lucas et al. 2011). 

 Another suggestion is that EBV might promote survival of auto-reactive B-cells that in 

immune-compromised patients with appropriate genetic predispositions, provide survival 

signals for auto-reactive T cells driving autoimmune reaction (Pender 2011). Subsequent 

epitope spreading, in which the immune systemôs becomes sensitized to myelin and other 

CNS antigens released as a result of tissue damage during the initial auto-reactive response, 

has also been proposed as a possible explanation for certain features of MS and experimental 

autoimmune encephalomyelitis (autoimmune disease induced experimentally in animal 

models by exposure to myelin antigens) (Pender 2011; Vanderlugt and Miller 2002, Pender 

and Greer 2007, Pender and Wolfe 2002,). Genetic variation of EBV receptor genes (Simon 

et al. 2007) or EBV strains (Brennan et al. 2010) and co-infection with EBV and a retrorvirus 

in genetically susceptible individuals (Munch et al. 1998) have also been speculated to cause 

or increase the risk of MS but no specific mechanism was proposed and no evidence 

provided. 

Another mechanism has been proposed whereby EBV-infected B-cells present in active white 

matter MS lesions secrete EBER transcripts which bind toll-like receptor 3 (TLR3) displayed 

on the surface of dendritic cells. This elicits interferon-alpha secretion which stimulates and 

propagates immune responses exacerbating the inflammation (Luenemann 2012, Tzartos et 
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al. 2012, Meier et al. 2012). This theory does not explain the direct cause of MS however it 

suggests how the virus might activate and maintain neuroinflammation in MS lesions that are 

already active (Tzartos et al.2012). 

A strong epidemiological correlation between IM and MS was the reason why IM has been 

proposed as a causal factor for MS (Thacker et al. 2006, Lucas et al. 2011). Because the 

number of CD8+ T cells normally declines as  age increases, the primary CD8+ T cell 

deficiency will increase as each patient ages. This could explain the age-dependent 

accumulation of disability seen in MS patients. Prolonged high EBV load could lead to T cell 

exhaustion, aggravating the CD8+ T cell deficiency further (Pender 2011). Alternatively, 

inflammation and polyspecific B-cell activation accompanying the autoimmune response 

could themselves be responsible for features like higher EBV load in patients. This however 

does not explain high antibody titres prior to the occurrence of an autoimmune disease or the 

link between IM and MS.  

There is evidence that it is the IM rather than the EBV infection alone, which is associated 

with malignancies like HL and MS (Hadinoto et al. 2008). Past history of IM increases the 

risk of MS twofold (Ramagopalan et al. 2010). Since up to 25% of memory B cells can be 

wiped out within a week, this means am extensive commitment of the immune systemôs 

memory to cellular and viral antigens (Hadinoto et al. 2008). This action could be what is 

responsible for the deregulation of the immune system and the predisposing factor for the IM-

associated diseases. EBV would thus be a co-factor rather than the primary cause of the 

disease (Hadinoto et al. 2008).  
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1.5 Host genetics and EBV Infection 

There is inherent heterogeneity in EBV infections manifesting most importantly in different 

levels of viral load in B-cells and the total number of infected B-cells (Hiraki et al. 2001, 

Crawford 2001, Straus et al. 1993, Dimmock et al. 2007, Hsu and Glaser 2000, Zandman-

Goddard et al. 2009). LCLs can vary substantially in the number of viral copies per cell (from 

1-2 up to 800 and possibly more) and genetic determinants have been suggested as the 

underlying cause (Caliskan et al. 2011, Sugden et al. 1979).  However, factors like EBV copy 

number can in turn significantly affect hostôs expression (Choy et al. 2008). The response of 

the host to EBV infection can vary substantially from an asymptomatic subclinical infection 

to persistent chronic infectious mononucleosis or lymphoproliferative disease (Crawford 

2001, Straus et al. 1993, Rubicz et al. 2013). This could be to some extent determined by 

environmental factors such as viral dose, presence of the malaria parasite or temporary 

immuno-suppression, however the genome of the host also plays a vital role in modulating 

the susceptibility and the course of infection (Rubicz et al. 2013). Genetic determinants are 

responsible for predispositions to certain EBV-related diseases (like NPC, endemic to South-

East Asia populations) or EBV-immunity, as seen in individuals Brutonôs 

agammaglobulinemia, where B cells do not express the CD21 receptor (Goldman 1999). 

Various risk loci have been identified for HL, NPC, IM and MS (Rubicz et al. 2013).  Some 

of them also affect EBV biology. For instance, genetic variants of the human IL-10 gene have 

been reported to modulate virus-host interactions as they are positively correlated with earlier 

oncset of primary EBV infection in children (Calderwood et al. 2007). Other polymorphisms 

proximal to IL-10 have at the same time been associated with higher SLE risk in African 

Americans; also certain HLA class I alleles are significantly associated with IM rather than 

an asymptomatic infection and at the same time HLA I markers (D6S265 and D6S510) were 

associated with EBV-positive lymphomas in patients versus controls (Williams et al. 2004, 
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Cameron et al. 2006, Hochberg et al. 2004, Hadinoto et al. 2008). There is also some 

evidence that heterogeneity in response to IM is determined by the hostôs ability to mount an 

immune response, but could also be associated with the viral dose (Niens et al. 2007, Skibola 

et al. 2007). The T-cell depletion hypothesis links higher viral dose with a more severe 

disease phenotype (Pender 2011), consequently it is likely that EBV copy number and the 

level of expression of key transforming and oncogenic viral transcripts affect cellular 

phenotype and disease course. These could themselves be pre-determined by genetic variants 

that independently appear as disease risk loci for EBV diseases. Some studies of viral 

expression in animal models support this hypothesis (Kieff et al. 2010). In this context, a 

global survey of viral copy number and latency eQTLs integrated with GWAS risk loci 

determined for EBV-related conditions could prove very informative. Recently, a study 

attempting to carry out such an analysis identified an EBV-specific anti-EBNA1 antibody 

level QTL in the HLA class II locus (in HLA-DRB1 and HLA-DQB1) in a panel of over 1300 

Mexican American family members (Rubicz et al. 2013). As previously discussed, higher 

EBNA-1 antibody levels are a feature of MS, SLE, in addition to NPC and BL (Rubicz et al. 

2013). Interestingly, HLA-DRB1 expression level correlated with anti-EBNA1 expression 

level and these QTLs overlapped with risk loci for NPC and HL. One of the top EBNA1 QTL 

SNPs turned out also to be a top significantly associated locus in a Spanish SLE cohort, while 

another had been previously associated with MS (Rubicz et al. 2013). Additional human 

eQTLs were linked to the anti-EBNA1 QTL SNPs. Authors of the study speculated that 

EBNA-1 protein levels could be seen as a proxy for EBV viral load, which is regulated by the 

associated genetic determinants responsible for higher risk of autoimmune diseases and 

tumours (Rubicz et al. 2013). 

There has been much speculation in the literature over the possibility of different EBV strains 

(not just the two main types distinguished by EBNA2 polymorphisms, but more specific 
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substrains with other polymorphisms in EBNA1, EBNA2, and LMP1 and some certain lytic 

genes, sometimes more restricted geographically) potentially exploiting the genetic 

susceptibilities inherent in their host populations and promoting EBV-associated diseases, for 

instance chronic lymphocytic leukaemia (polymorphisms in matrix metalloproteinase 9) or 

NPC (Hjalgrim et al. 2010, Da Silva et al. 2007, Ikegaya et al. 2008, Chang et al. 2009). 

However only a few underpowered studies have addressed this issue with inconclusive 

evidence so far. Studying viral transcripts and proteins offers the key to a better 

understanding of their functions in vivo, and thus their relevance in viral biology and disease. 

So far, evidence suggests that examining the association between the host genetic variation 

and differential viral load or viral protein expression level could yield new insights into the 

mechanisms of EBV infection by suggesting the molecular links between cellular and viral 

pathways. It is now clear that latency genes play an important aetiological role in EBV-

related diseases and different disease outcomes are likely to be mediated by different levels of 

EBV expression and viral load. Consequently, it would be beneficial to fully describe the 

genetic regulatory effects that influence the host response to infection and determine viral 

uptake and activity. 

 

1.6 Genetic determinants of gene expression 

 

1.6.1 Transcript level as mediator of genetic effects on the phenotype 

There is significant variation in transcript expression between individuals and populations 

across cell and tissue type (Cookson et al. 2009, Gilad et al. 2008). This includes LCLs where 

analysis of cell lines established from family trios and monozygotic twins demonstrated 
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significant heritability (Cheung et al. 2010). Stranger et al. (2012) investigated global 

expression in 30 Caucasian and 30 Yoruban trios as well as 45 unrelated Chinese and 45 

unrelated Japanese and found that 10% of expressed transcripts in Caucasians and 13% in 

Yorubans to have heritability of over 0.2, and between 17% to 29% transcripts had significant 

expression differences between any two populations (Stranger et al. 2012). Coding DNA 

sequence variants are transcribed to produce functional RNA such as mRNA which is 

translated into proteins, rRNA which constitutes part of ribosomes, or microRNAs which 

regulate mRNA degradation (Gilad et al. 2008, Freedman et al. 2011). Coding variants alter 

the molecular structure of the gene product directly which may influence transcription 

efficiency, transcript stability and, if the variant is non-synonymous, also affect protein 

structure and functionality (Freedman et al. 2011). This can in turn affect the expression of 

other genes if the altered protein acts as a co-repressor or activator. For instance mutations to 

p53, a master TF, caused variation in binding efficiency and transactivation of its target 

response elements (Resnick and Inga 2003). Non-coding variants affect DNA elements 

controlling gene transcription like promoters, enhancers and other TF binding sites and are 

mostly responsible for differences in gene expression levels. Although not altering the 

molecular structure directly, by altering the level of transcript and the amount of protein 

produced non-coding variants can still affect the phenotype, for instance through protein level 

threshold dependent effects (Gilad et al. 2008,Freedman et al. 2011). Some of the most 

striking examples are provided by the numerous haplo-insufficiency syndromes like Holt-

Oram syndrome, lymphedema-distichiasis syndrome or Waardenburg syndrome, in which 

deleterious mutations to TFs reduce their expression by approximately 50% and result in 

disorder often with pleiotropic effects on the phenotype (Seidmann and Seidmann 2002). 
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1.6.2 Mapping gene expression as a quantitative trait 

Searching for association between transcript abundance and genetic variation offers a means 

to discover the regulatory effects that the genome exerts on the transcriptome. Studies of the 

genetics of transcription adopt the level of transcript expression as the quantitative phenotype 

of interest. Genetic variants that are found to influence this phenotype are hence termed 

expression quantitative trait loci (eQTLs). (Damerval et al. 1994) The regulatory effects of 

eQTLs can be broadly grouped into two categories depending on the distance of the variant 

from the gene whose transcription it controls (Gilad et al. 2008). An alternative classification 

is based on the eQTLôs ability to affect the expression of a single allele versus both parental 

alleles (Gilad et al. 2008). Cis eQTLs, which account for most variability in expression, are 

typically located within 100-500kb of the transcription start site (TSS), although there is no 

single consensus on what constitutes a local versus distant interaction (Cookson et al. 2009, 

Freedman et al. 2011). The majority of cis eQTLs are located less than 100kb from the target 

geneôs transcribed sequence and cluster symmetrically around its TSS (with 33% of cis 

eQTLs located within 10kb from TSS), while the more distant regulatory loci are fewer and 

have a smaller effect (Cookson et al. 2009,Veyrieras et al. 2008). A similar cluster of strong 

regulatory SNPs is also present immediately before the transcription end site (TES) and 

decreases rapidly beyond it (Veyrieras et al. 2008). Cis eQTLs often reflect the effects of 

promoters and proximal enhancers and insulators. eQTLs located further from the TSS, 

sometimes on different chromosomes, are termed trans-eQTLs. These may be caused by 

polymorphisms affecting transcription factor genes and are thought to be more frequent yet 

less effective than cis-eQTLs (Cookson et al. 2009, Freedman et al. 2011). However they can 

also be located in enhancers and other regulatory sequences who can act at distance with help 

of CTCF and or DNA-looping and structure-altering proteins (Watson et al. 2008, Phillips 

and Corces 2009).  



52 
 

Transcript levels are mostly determined by the efficiency of transcription, which itself is 

regulated by specific combinations of TFs and cofactors and their affinity to bind specific 

motifs within regulatory sequences like proximal and distal promoters and enhancers 

(Veyrieras et al. 2008). Post-transcriptional modifications such as splicing and transcript 

stability play a secondary role. However most eQTLs within an ORF are located in exonic 

rather than intronic sequences, which indicates that some of them might also be influencing 

the stability and degradation rate of mRNA (Veyrieras et al. 2008). The epigenetic 

modifications of histones and CpG methylation also influence transcription through altering 

the quaternary structure and conformation of the DNA and are particularly important in 

control of tissue-specific expression (Veyrieras et al. 2008, Cookson et al. 2009, Wang 2013).  

Most eQTLs are found in regions of open active chromatin, accessible for TFs and detectable 

with DNase-seq and Formaldehyde Assisted Isolation of Regulatory Elements technique 

(FAIRE) (Wang 2013). Thus eQTLs, TF-binding sites and regions of activate chromatin are 

often co-localised (Wang 2013). Cell type-specific regulatory sequences, subjected to 

epigenetic silencing, are usually located away from the TSS, where the DNA modifications 

may vary more between the cell types (Wang 2013).  

 

1.6.3 Genetic mapping and GWAS 

Initially eQTL (and other phenotypic) studies were based on linkage and co-transmission of 

trait-associated chromosomal segments from parents to offspring and co-segregation of the 

trait and transmitted fragment in pedigrees, and conducted without the use of genome-wide 

genotypic data (Gilad et al. 2008, Mackay et al. 2009). This method relies on the principle of 

meiotic recombination and independent assortment, whereby closely located genes should be 

more frequently co-transmitted and result in correlation between a transmitted chromosome 
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segment and a phenotype (Gilad et al. 2008). Linkage studies, while powerful to detect 

solitary strong-effect risk loci causing monogenic Mendelian disorders, lack the sensitivity to 

detect small effects of co-transmitted risk loci since they cannot separate them from the 

ñbackground noiseò effects caused by other (shared) risk loci and environmental effects 

without greatly increasing the required numbers of studied families, particularly if the small-

effect risk locus is common and its transmission difficult to trace in pedigrees (Kruglyak 

1997, Hirschhorn and Daly 2005). Linkage studies have also serious limitations in mapping 

resolution (because of large LD-blocks shared by related individuals) and as a result have 

been largely replaced by a population-based association approach that studies associations in 

unrelated individuals (Gilad et al. 2008). This approach enables to investigate common risk 

loci and is more powerful given the same sample size (Stewart and Cerise 2013). It can be 

subdivided into a binary case-control and quantitative design (Bush and Moore 2012). The 

underlying argument is that a genotype/allele dose corresponds to trait quantity or that the 

genotype/allele frequency difference between cases and controls corresponds to the disease 

incidence, which should provide evidence for statistical association, whereas the quantitative 

approach   (Cardon and Bell 2001, Bush and Moore 2012). Such studies collect large 

unrelated samples from a population and have greater power to detect small-effect common 

variants at higher resolution, particularly when combined with whole-genome association 

testing. Whole genome expression studies can be coupled with genome-wide assays of 

genetic variation to give an overall global picture of regulatory effects, improving the 

understanding of gene and protein function, and pathways (Gilad et al. 2008, Mackay et al. 

2009). By replacing transcript expression as the phenotype of interest with disease status or 

some other disease-related characteristic, it is possible to gain insight into genetic 

determinants influencing disease susceptibility and clinical outcome. Such studies, termed 

genome-wide association studies (GWAS) have been at the forefront of medical genetics in 
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the past decade and identified novel disease risk loci responsible for a varying fraction of the 

disease heritability. Such risk loci provide candidates for further functional investigation and 

might help to understand the causes of the disease. Research on Inflammatory Bowel Disease 

provides a good example of progression from multiple GWAS risk loci (numbering over 100 

in 2011) to underlying causal mechanism (Dubinsky et al. 2011, Khor et al. 2011). This 

condition, which is usually subdivided into chronic Crohn's disease and ulcerative colitis, is 

partly heritable and its risk loci overlap not only between the two types of the disease 

mentioned above, but also for certain other diseases like RA or susceptibility to 

Mycobacterium leprae infection. Pathway analysis identified that many of genes harbouring 

risk loci share a common functional background converging on cellular pathways responsible 

for epithelial barrier and transport function, epithelial restitution, microbial defence, and 

several others (Khor et al. 2011). Functional studies conducted using cell lines and mouse 

models indicated that in several cases investigated mutant alleles lead or may lead to, among 

others, abnormal barrier permeability enabling microbial incursion, an imbalance between 

pro-inflammatory and anti-inflammatory cytokines and abrogation of microbial homeostasis 

in the intestine resulting in inflammation (Khor et al. 2011). Identification of potential 

molecular targets in turn lead to the proposal of new anti-cytokine therapies for the treatment 

of the disease, for instance with anti-TNF antibodies or Lactobacilli that produce TNF-

specific nanobodies, which are currently under investigation (Kaser et al. 2010, Neurath 

2014). Global eQTL scans, when integrated with data provided by GWAS studies, provide 

more information on the molecular basis and biology of disease susceptibility linking risk 

loci to genes and pathways (Cookson et al. 2009, Freedman et al. 2011). This is particularly 

relevant for complex diseases for which multiple small-effect loci causing differences in gene 

expression could act as the predisposing factors, rather than single, highly significant SNPs 

directly altering protein structure and function (Choy et al. 2008). Indeed for most complex 

http://www.nature.com/nri/journal/v14/n5/full/nri3661.html#df5
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diseases the associated variants fall largely into non-coding sequences and consequently a 

significant proportion of them should also be expected to influence gene expression 

(Freedman et al. 2011). It is apparent that for multifactorial diseases many risk loci are likely 

rare variants, which are challenging to detect without large fully sequenced cohorts. To date 

1738 GWAS publications have discovered 11,751 SNPs associated with a specific disease or 

condition, however most of the findings lack the subsequent functional investigation 

necessary to determine causality and nature (GWAS catalog at www.genome.gov , accessed 

on 27.11.2013).  

 

1.6.4 eQTLs in post-GWAS analysis 

The ultimate aim of establishing causality poses a methodological obstacle as there are no 

clear criteria for variants located in non-coding sequences, however one of the proposed 

initial steps in functional annotation of such disease risk loci to consider eQTLs to identify 

their potential regulatory effects (Freedman et al. 2011). Distribution and overlap of potential 

eQTLs and risk loci should then help to prioritise the latter for further functional 

investigation. In this way a candidate disease risk locus can be quickly linked to a molecular 

phenotype (Gilad et al. 2008). Other steps could include re-sequencing and fine-mapping of 

associated SNPs and analysis of surrounding linkage disequilibrium (LD) blocks. Combined 

studies of methylation, histone modifications and TF-abundance can also help to narrow 

down likely functional variants (Freedman et al. 2011). There is a body of evidence 

suggesting that methylation levels of CpG islands are to an extent genetically determined and 

such methylation QTLs are associated with histone/chromatin modifications and gene 

expression (may overlap with eQTLs), and also with changes in disease risk (Banovich et al. 

2014). A simple follow-up assay could correlate allele genotypes at risk loci with expression 

http://www.genome.gov/
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levels of corresponding candidate transcripts. In heterozygous individuals allele-specific 

expression assays could also be conducted looking at potential difference in expression 

between the two copies of the gene (Gilad et al. 2008, Freedman et al. 2011). The study could 

then be expanded to include functional assays for TF-binding, chromatin 

immunoprecipitation (ChIP), electrophoretic mobility shift assay (EMSA) and animal knock-

out models (Freedman et al. 2011). Since genes co-operate and interact at the protein level 

and transcript abundance is sometimes a polygenic trait itself, expression from candidate 

eQTL loci could be integrated with global expression and protein interaction data in pathway 

analysis to identify biologically related networks of genes participating in common cellular 

pathways important for the disease of interest (Gilad et al. 2008, Freedman et al. 2011). This 

type of analysis has been done by Cookson et al. (2009) who conducted a case-control asthma 

GWAS in a total sample of over 2000 individuals, and investigated global gene expression in 

400 asthmatic children and their healthy siblings. They found a significant asthma risk locus, 

whose genotype, after global expression profiling, correlated with expression levels of a 

nearby gene encoding a transmembrane endoplasmic reticulum protein, Orosomucoid like 3 

(ORMDL3). The finding has been since replicated in several other cohorts (Knight 2009), 

and ORMDL3 became subsequent subject of functional studies, some of which proposed 

mechanistic models explaining the disease association (Hsu and Turvey 2013,Miller et al. 

2014,Carreras-Sureda et al. 2013, Cantero-Recasens et al. 2010) 

 

1.6.5 Studies of human and model organism eQTLs 

 The ability to detect eQTLs is dependent on the strength of their effect and samples size, and 

the extent they tend to cluster together (Mackay et al. 2009). Overall, eQTL studies in both 

humans and animal models indicate that trans eQTLs with strong effects on multiple 
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transcripts are much less frequent in humans than in other model organisms (Gilad et al. 

2008, Mackay et al. 2009). Studies of model organisms, such as Arabidopsis or yeast, 

indicate that often many loci with small effects can cluster together. If the eQTLs have 

opposite effects, this can make them difficult to map, especially with low-resolution 

genotyping methods (Mackay et al. 2009). Typically, transcript expression is correlated and 

multiple transcripts will form co-expression networks dependent on common factors 

controlling their levels, which reflect their related function and participation in similar 

cellular functions (Mackay et al. 2009). 

 

1.7. LCLs as a model of EBV-infection 

The transforming properties of EBV have provided a useful tool to study human genetics. 

EBV undergoes very efficient lytic replication in cotton-top tamarineôs B-lymphocytes 

(causing lethal lymphoma in vivo). Human B-cells inoculated with virion-containing 

tamarine cell culture (B95-8) supernatant convert to immortalised LCLs and grow stably in 

suspension with a relatively low mutation rate of 0.3% offering a reliable means of DNA-

storage readily available for genetic screening (Diehl et al. 1978). This advantage has made 

LCLs a popular platform in a wide range of molecular experiments, including many 

expression studies. As a resource they are cheaper than many primary tissues and are readily 

available from a number of cell repositories and biobanks. Most notably, Coriell Instituteôs 

Cell Repositories provided LCLs sourced from multiple worldwide populations used in large 

scale analysis of genomic variation by the HapMap consortium, HapMap 3 project, and 1000 

Genomes Project. The International Hap Map project was launched as an international effort 

to provide genome-wide maps of at least one million SNP resolution from different human 

populations, which could be used in GWAS (TIHMP 2003). The project genotyped 1,6 
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million common SNPs at 5% MAF in 1,184 individuals from 11 populations (Althschuler 

2010). The 1000 Genomes project aims to sequence more than 1000 individuals from several 

distinct populations to survey human genetic variation world-wide, including rare variants 

with minor allele frequency (MAF) of down to 0.1%. LCLs used in HapMap and 1000 

Genomes projects have subsequently been used in expression, RNA-seq and GWAS studies 

as well as functional studies conducted under the auspices of the ENCyclopedia Of DNA 

Elements (ENCODE) Project (Dunham et al. 2012). ENCODE is an international consortium 

of scientists working to identify all functional elements in the human genome (including 

genes, promoters, enhancers, repressors/silencers, exons, origins of replication, sites of 

replication termination, transcription factor binding sites, methylation sites, 

deoxyribonuclease I (DNase I) hypersensitive sites, chromatin modifications and multispecies 

conserved sequences) using high throughput molecular techniques (Dunham et al. 2012, The 

ENCODE Project Consortium). 

Studies in LCLs are nonetheless prone to a number of important limitations and confounders. 

Primarily, B-lymphocytes do not faithfully reflect the biology of other tissue types and 

therefore might not be an adequate model for tissue-specific expression in many complex 

diseases of non-lymphatic origin. Moreover, because they are derived from B-cells, and due 

to EBVôs pleiotropic regulatory effects, the expression profile of LCLs does not always 

ideally reflect that of other lymphocytes, see Figure 17 (reproduced from Caliskan et al. 

2011)  
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Figure 17 ï B-cell, T-cell and LCL expression PCA plot. 

 

This is why recent projects, such as Genotype-Tissue Expression run by the US National 

Institutes of Health Common Fund, focus on multiple primary cell lines to take into account 

tissue-specific expression (Lonsdale et al. 2013). Additionally, after a certain period of 

culture growth, LCLs reach a stage at which they become highly prone to aneuploidies and 

somatic mutations. Therefore primary stocks must routinely be subjected to cryopreservation 

after each thaw or passage; the cells become discordant upon reaching 40-50 or more 

passages (Mohr 2010). Other non-genetic factors and confounders like baseline growth, EBV 

titre used for inoculation, EBV copy number and individual response to EBV infection are 

also likely to affect the LCLs and should be taken into account (Choy et al. 2008). 

Paradoxically some of these limitations become an advantage when LCLs are used 

specifically to model naïve B-cells activated by EBV. Although their global expression 

profile may differ from many other tissues due to EBV infection, for the very same reason it 

should faithfully reflect the earliest stages of infection and viral latency III in naïve B-cells.  
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1.8. Previous work and rationale for the thesis 

 

1.8.1 LMP1 effects on human expression in hypoxia study 

As previously discussed, EBV interacts with host genome and proteome altering cellular 

pathways and gene expression in multiple ways.  A study of global hypoxia response eQTLs 

in a panel of Yoruban HapMap LCLs measured the levels of the viral LMP1 oncogene in 

order to regress out its effect as a potential confounder (Mohr 2010). This is because LMP1 

affects gene expression globally and has been reported to up-regulate the levels of hypoxia 

inducible factor 1-alpha (HIF-1a) in lymphoblastoid as well as nasopharyngeal epithelial 

(EBV negative) cell lines in vitro, consequently activating HIF-responsive genes (Wakisaka 

et al. 2004, Mohr 2010). HIF is a master TF that regulates glycolytic enzymes responsible for 

ATP production under low oxygen conditions and a global regulator of monocyte and 

neutrophil immune response in hypoxic inflammatory environment (Zinkernagel et al. 2007). 

It has been proposed that LMP1 is associated with increased HIF-1 expression as it prevents 

its degradation (Zinkernagel et al. 2007 Benders et al. 2009 Kitagawa et al. 2013). This in 

vitro effect was however not replicated in NPC tissue and has been recently questioned 

(Bedners 2009, Chiang et al. 2013), but at the same, a similar stabilising effect of EBNAs has 

been reported (Morinet et al. 2013). If the LMP1 effect is real, it could potentially become a 

serious confounding factor altering global expression and therefore it had to be adopted as a 

covariate in the hypoxia study. 

The study showed that LMP1 levels affect transcription in 58 HapMap LCLs from the 

Yoruban panel (Mohr 2010). Covariate regression (using an additive linear model with 5 

known covariates including LMP1 transcript level), indicated that 6% of probes under 

hypoxia, and 7% under normoxia (Illumina HumanWG-6 Expression BeadChips (v3.0) ) 
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were associated with LMP1 levels (Mohr 2010). These probes corresponded to 154 genes 

(1.7% total). However, it also became evident that the level of the viral oncoprotein, crucial 

to the course of viral infection, could itself be affected by host genetic determinants. An 

association close to the nominal genome-wide significance of 5*10-8, was found under 

normoxic conditions between the LMP1 transcript and a specific host SNP (rs1913243, 

chromosome 3) located in an intergenic region between CMYA1 (cardiomyopathy associated 

1) and CX3CR1 (chemokine C-X3-X motif receptor 1) (Mohr 2010).  The SNP is in linkage 

disequilibrium (LD) with other neighbouring SNPs, some of which could be located within 

cis regulatory elements and affect transcription locally. Expression levels of proximal genes 

were not investigated, however the reported SNP was shown to be associated with mRNA 

abundance of PPPDE1 (chromosome 1) ï an indication of a possible trans effect. 

Additionally, a GWA test for the difference in LMP1 levels between hypoxia and normoxia, 

yielded a significant (P-value of 8.6*10-10) candidate on chromosome 19 (rs2866464), 

proximal to C19orf2 ï a gene reported to be involved in response to hepatitis B virus X 

protein (Mohr 2010). In summary, the Mohr study confirmed some of the theories on human-

EBV interactions found in the literature. It clearly suggested that genetic determinants can 

affect the abundance of viral latency genes and identified putative regulatory variants for 

further investigation.   

 

1.8.2 Rationale 

EBV biology is complex and tightly intertwined with human B-cell development and 

multiple cellular signalling pathways. There is consistent evidence that viral copy number 

and viral transcript levels can exert a quantitative effect on gene expression in infected B-

cells (Choy et al. 2008,Mohr 2010,Caliskan et al. 2011). On the other hand, human genetic 
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variation may affect the course of EBV latent infection through moderation of the uptake and 

survival of the virus.  This is reflected in the variable percentage of infected B-cells in 

different individuals (Thorely-Lawson 2001) and by differing viral copy number or the level 

of viral transcripts and proteins (Caliskan et al. 2011,Rubicz et al. 2013,Mohr 2010,Choy et 

al. 2008).  The numerous interactions of viral proteins with human regulatory TFs that exert 

pleiotropic effects on gene expression, point to the possibility that transcription of viral genes 

and EBV persistence in B-cells (as represented by the viral copy number per cell) is subjected 

to the regulatory influence of human genetic variation. Genetic variants may affect the 

expression, transcript stability, or functionality and structure of the cellular machinery that 

the virus utilises to its own advantage. There is direct evidence to support this claim, and 

previous work conducted at the Wellcome Trust Centre for Human Genetics provided 

preliminary data that justified a larger study by revealing associations between expression 

levels of a key viral oncogenic transcript and human genetic variation (Section 1.8.1).  

To date, studies in this field have investigated only a single correlation or a single viral 

quantitative trait at a time. Consequently, a research study that would further address the 

issue of genetic determinants of EBV infection and explore the findings of the Mohr study 

would be a valuable contribution to the literature. This is especially true in the broader 

context of EBV latency which would encompass the latency transcripts as well as global host 

expression. Due to the numerous contributions of EBV latency proteins to human disease, 

such work could prove informative, reveal novel regulatory mechanisms, shed more light on 

viral-host interactions and potentially indicate risk loci that increase disease susceptibility.  

Therefore the aim of this project is to investigate the consequences of human genetic 

diversity for the activity of EBV in LCLs. 
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1.8.3 Hypothesis 

The underlying assumption of this thesis is that SNP differences can, through multiple 

regulatory mechanisms, affect viral gene expression and copy number retention just as they 

affect the expression of human genes and contribute to inter-individual and inter-population 

phenotypic differences. Such effects are measurable through mRNA and DNA quantification 

methods and the current study will aim to validate this hypothesis using a cohort of LCLs 

from several hundred individuals and investigating all the EBV latency transcripts and copy 

number in search of potential regulatory loci which could then be subject to further research.  

The current study will quantify the viral phenotypes of interest across panels of human LCLs 

and identify and map their genetic determinants through association tests. Candidate 

associations obtained from this analysis will be subsequently prioritised by the strength of 

association, function and relevance to EBV biology. Then, the results will be integrated with 

human expression data to search for SNPs that show regulatory effects on expression of both 

EBV and human transcripts and as such, might indicate viral-host interactions and their 

function. The top eQTLs for both human and viral expression, will be subjected to a 

replication follow-up in naïve and stimulated B-cells as well as newly transformed LCLs 

derived from the same individuals. 

EBV has been linked to multiple human disorders due to oncogenic, growth-promoting 

properties of its latency proteins which hijack innate pathways responsible for B-cell 

maturation and modify them to ensure long term viral persistence and replication (Crawford 

2001, Hiraki et al. 2001). It therefore follows that any genetic variant influencing 

transcription and transcript levels of EBV latency proteins, particularly its key oncoproteins, 

might potentially be a risk factor in EBV-related diseases and thus provides a subject for 

further investigation.  
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1.9. Projectôs aims 

 

Aim 1: To validate the association of LMP1 with rs1913243 

The first aim of the project is to validate the LMP1 eQTL (rs1913243) from the Mohr study 

by investigating possible regulatory effect that the candidate eQTL, or any of the 

neighbouring SNPs in high LD, could exert on the transcription levels of neighbouring genes. 

This will encompass assaying the same panel of Yoruban HapMap LCLs for expression of 

chosen transcripts by qPCR, followed by regional association testing. Candidate transcripts 

will be selected on their proximity and potential to interact with proteins of EBV or other 

viruses. 

Aim 2: To map the expression of EBV Latency genes as quantitative traits 

Beyond the analysis of LMP1 eQTL, all the viral genes expressed in the latency modes will 

be quantified. eQTL mapping for each of the latency transcripts will be carried out using 

cDNA from two different sets of LCLs: the 58 Yoruban HapMap cell lines from the hypoxia 

study, and 352 British cell lines from a global eQTL study (MRC-A) (Moffat et al. 2007; 

Appendix Table A3). In the latter, differences in viral gene expression will be associated with 

human genetic markers and the outcome will be subsequently compared to the genome-wide 

human expression in the same LCL samples. The aim of this comparison will be to identify 

pairwise associations linking one SNP to both EBV latency transcripts and human transcripts. 

The same comparison will also be made for eQTLs from public databases ï SCAN, Genevar 

and GTEx. Candidate eQTLs will  then be prioritised depending on the strength of the 

association, presence of a distinct, continuous association peak and the overlap with human 
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transcript eQTLs. If successful, specific interactions between the viral and host proteins will  

subsequently be replicated in an independent experiment.  

As an extension of the latency eQTL assay, the same method will be applied to public EBV 

expression data. EBV transcript expression data will be sourced from online RNA-seq 

experiment databases and used for GWA tests. Specifically, 5 RNA-seq studies in which 

EBV transcripts have been quantified will provide the phenotype data for the purpose of the 

current project (Arvey et al. 2012). All of these RNA-seq experiments were conducted using 

HapMap LCLs. 

Aim 3: To map EBV copy number as a quantitative trait 

The next aim of the project will be to quantify EBV copy number across a large panel of over 

four hundred LCLs from the 1000 Genomes project. A target EBV genomic sequence will be 

amplified by qPCR and copy number will then be determined using a standard curve 

calibrated with serial dilutions of genomic DNA from a lymphoblastoid cell line such as 

Namalwa or Raji, which contain a fixed number of integrated viral copies per cell 

(MacMahon et al. 1991, Dehee et al. 2001). The relative copy number will then be used as a 

phenotypic trait in a genome-wide association test. 

An extension of the experiment will involve mapping viral copy number QTLs across a panel 

of HapMap cell lines for which the relative EBV copy number has already been quantified by 

qPCR (Choy et al. 2008). 

Aim 4: To perform an integrated analysis in order to determine the significance of 

results across all cohorts  

In order to understand the significance of the observed eQTLs and their relationship to 

reported disease associations, eQTL findings will be integrated with literature data and 
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reported GWAS associations (especially EBV-related), and prioritised based on their 

statistical and biological significance as well as replication in more than one cohort.  

Viral expression and copy number experiments conducted using different cohorts will be 

subjected to a meta-analysis using GWAMA, a statistical tool developed at the Wellcome 

Trust Centre for Human Genetics (Magi and Morris 2010). The aim of the meta-analysis will 

be to compare the strength and the direction of identified regulatory effects across all 

available cohorts.  

Additionally, correlation tests between EBV transcript expression levels and copy number 

will be conducted for a subset of HapMap LCLs for which both phenotypes are available. 

The same correlation test will also be conducted to check whether EBV transcript levels 

correlate with human transcript levels in the MRC-A cohort. 

Aim 5: To follow up and validate the most significant identified eQTL 

The final aim will be to follow up and replicate the top associations from the MRC-A cohort 

in primary human B cells and to generate LCLs from the same individuals in order to define 

functional effects of specific genetic variants. 
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2. Materials and Methods 

 

2.1 Samples 

This thesis studied a number of different LCL samples (Table 6). 

 

Table 6 ï Summary of the LCL cohorts and populations tested in the current project. ñCohort IDò field lists the 

alternate name of each cohort adopted for the purpose of the study. ñSource/Populationò lists the origin of the 

samples and the ethnicity of the donors. ñPublicationò refers to previous studies conducted using the relevant 

sampleset. The total number of samples in a given cohort is listed in the ñIndividualsò field. The final field lists 

the actual number of samples available for testing (after QC) in the current study. 

 

Cohort ID Source/Population Aim of study Publication Individuals Available 

for test 

Hypoxia HapMap / YRI Latency eQTLs  Mohr 2010 58 58 

RNA-seq 
HapMap / YRI, CEPH Latency eQTLs Arvey et al. 2012 

Cheung et al. 2010 

Pickerell et al. 2010 

Montgomery et al. 2010 

Public data 

67 YRI 

67 CEPH 

134 (67 + 
67) 

MRC-A 
British nuclear 
families (asthma 
probands and sibs) 

Latency eQTLs Moffat et al. 2007 352 277 

1000G 1000 Genomes / 
British, Finnish, 
Iberian, Italian 

Copy number Abecasis et al. 2012 414 287 

Choy HapMap / YRI, CEPH Copy number Choy et al. 2008 

Public data 

87 CEPH 

85 YRI 

( 45 JPT  meta-analysis 

only )  

172 (87 + 
85) 
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The LCLs were used to generate genomic DNA and RNA for analysis. In addition to the data 

provided by the current work, previously generated gene expression (for both human and 

EBV) and EBV copy number data was used in the study. This is specified separately for 

different cohorts as follows. LCLs were generated by the HapMap and 1000 Genomes 

Projects (cell lines and purified genomic DNA sourced from the Coriell Institute Cell 

Repository), and the MRC-A study (kindly provided by Professor William Cookson) (Moffatt 

2007). EBV expression and copy number data from experiments by Choy et al. (2008) 

(indicated in Table 6 by ñChoyò cohort ID) and RNA-seq studies by Cheung et al. 2012 et al. 

(2010), Pickerell et al. (2010) and Montgomery et al. (2010) was also used in the project 

(indicated by RNA-seq ID in Table 6). 

 

2.1.1. Hypoxia study HapMap samples 

cDNA and RNA derived from Yoruban LCLs grown for the Mohr study (Mohr 2010) was 

used for LMP1 candidate eQTL validation and initial EBV latency eQTL mapping. These 

LCLs had been grown twice, in two independent experiments. The LCLs were sourced from 

58 unrelated Yoruban individuals (HapMap Consortium) provided by Coriell Instituteôs Cell 

Repositories and represented 2nd, 3rd and 4th passages of culture.  

 

2.1.2. MRC-A  

RNA was sourced from 352 LCLs derived from sib pairs (Moffat et al. 2007). The MRC-A cohort 

consisted of nuclear families of British origin with at least one child diagnosed with asthma in each 

family (Moffat et al. 2007, Liang et al. 2013). All sibs had been genotyped using Illumina Sentrix 

HumanHap300 BeadChip (ILMN300K) or Illumina Sentrix Human-1 Genotyping BeadChip 
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(ILMN100K), or both, and a subset was subsequently imputed for HapMap Phase 3 genotypes 

(Liang et al. 2013). Global gene expression (approximately 50k transcripts) had been assayed across 

the whole cohort using Affymetrix HG-U133 Plus 2.0 chips (Liang et al. 2013). HapMap 

Phase 3 MACH-imputed genotypes had been kindly provided together with the global 

expression data by Professor Cookson. MRC-A samples were used to map viral eQTLs. 

 

2.1.3 1000 Genomes  

Genomic DNA was sourced from 414 LCLs shipped from the Coriell Instituteôs Cell 

Repositories. The samples belonged to the 1000 Genomes Project Human Variation Panel 

and included 100 Finnish (Catalog ID: MGP00001), 100 British from England and Scotland 

(MGP00003), 114 Italians from Toscany (MGP00007) and 100 Iberian individuals 

(MGP00010). The gDNA has been quantitated and normalised to a concentration of 100ng/ul 

using Qubit® 2.0 Fluorometer (Life Technologies). It was subsequently used in a copy 

number assay aimed to determine the EBV load in each individual LCL. 

 

2.1.4 Namalwa LCL 

Genomic DNA from a Burkittôs lymphoma cell line with 2 integrated copies of the EBV 

genome per cell was obtained from Public Health England (Catalog number: 87060801). The 

gDNA concentration had been normalised to 100ng/ul (Nanodrop). The Namalwa gDNA 

serial dilutions were used to construct a standard curve for the EBV relative copy number 

assay. 

 

http://ccr.coriell.org/Sections/Search/Panel_Detail.aspx?Ref=MGP00003&PgId=202
http://ccr.coriell.org/Sections/Search/Panel_Detail.aspx?Ref=MGP00003&PgId=202
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2.1.5 Oxford Biobank  

Healthy volunteers of European ancestry were recalled by specific genotype from Oxford 

BioBank for the two most significant SNPs which showed evidence of both EBV and Human 

eQTL. Individuals were selected to include both major and minor allele homozygotes and 

heterozygotes for the informative SNPs. In total 39 volunteers with specific genotypes were 

recruited. These individuals provided blood for the purification of B cells and the 

establishment of LCLs (methods detailed in section 2.8). Whole blood samples from each 

individual were shipped in ACD tubes to Public Health England (Culture Collectionsô 

Genetic Support Services in Porton Down, Wiltshire UK) to be transformed with EBV and 

grown into LCLs. Frozen LCL culture samples were taken at 4 different time points 

throughout the outgrowth and cell pellets shipped back for RNA extraction and RT-PCR. 

This was done to compare gene expression at different time points. 

 

2.2 RNA work (Oxford Biobank and MRC-A samples) 

 

2.2.1 RNA Isolation 

Qiagen RNeasy kits were used for RNA extraction from the purified B-cells from the 

Biobank samples according to the manufacturerôs guidelines. Frozen cell pellets suspended in 

RNA buffer were thawed and homogenised on ice by pipetting repeatedly. Lysate was then 

applied to RNeasy mini columns in 2 ml collection tubes and subjected to RNA extraction. 

Briefly, ethanol was applied to allow binding of RNA to the columns and three washes were 

carried out before RNA was eluted into Eppendorf collection tubes with 50ul of RNase-free 

water and quantified with NanoDrop 1000 Spectrophotometer (Thermo Scientific) . 
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2.2.2 Reverse Transcription (RT) PCR 

The Oxford Biobank and the MRC-A RNA samples were converted into cDNA for quantitative 

PCR. The Invitrogen Superscript III Reverse Transcriptase reaction kit (Catalog number 

18080-085) was used for cDNA synthesis together with random hexamers (N8080127 

Invitrogen) and Ribonuclease H from E. coli (AM2293 Invitrogen). Briefly, the initial 

reaction mixture of 1ul of RNA, 1ul of 50uM random hexamers, 1ul 10mM of dNTP mix, and 

10ul of RNAse free water was heated at 65°C for 5 minutes (to denature RNA), centrifuged 

and, after inclusion of 4ul of 5X First Strand Buffer, 1ul of 0.1 M DTT, 1ul of RNAse OUT (40 

U/ul) and 1ul of Superscript III RT (200 U/ul), incubated at 50°C for 50 minutes  to achieve 

first complementary cDNA strand synthesis, then at 85°C for 5 minutes (to stop the RT 

enzyme). Finally, the RNA strand was degraded by adding 1ul of Rnase H (2U/ul) and heating 

the mixture for 20 minutes at 37°C. An MJ Research PTC240 Tetrad 2 thermal cycler was used 

for cDNA amplification. Reactions were performed in 96-well plates, and all reaction 

components were handled on ice. RNA and Superscript III enzyme were added at the end of 

each reaction. cDNA samples obtained were subsequently freezed and stored at -25°C as 

stocks. Additionally, 10ul of each sample was removed and diluted 10 times with RNase-free 

water to provide working solutions ready for q-PCR amplification. 

 

2.3 Quantitative PCR (qPCR) 

Primer pairs targeting eleven EBV latency transcripts were sourced from the literature, from 

previously conducted experiments (Pan et al. 2006 Lindsey et al. 2009 Bell et al. 2006 Kelly 

et al. 2006). Primer specificity was subsequently tested across a range of annealing/extension 

temperatures (55-70°C) using an MJ Research PTC240 Tetrad 2 thermal cycler. 
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2.3.1. SYBR Green Quantitative Real Time PCR 

SYBR Green qPCR method was used to quantify the latency gene transcripts in the sibling 

panel from the MRC-A cohort. It relies on a chemical dye that emits fluorescent green light 

when bound to double-stranded nucleic acids. Levels of fluorescence are proportional to the 

levels of the target transcript amplified by the primers. As recommended by the 

manufacturerôs instructions, 6.25ul of iQ SYBR Green Supermix (2x concentration, which 

includes Taq polymerase, SYBR fluorescent dye, fluorescein, MgCl2, dNTPs and stabilisers; 

Catalog number 170-8880) was mixed with 1ul of primers, 1ul of cDNA template and 4.25ul 

of RNAse free water to make up 12.5ul total volume reactions, which were then run on the 

CFX BioRad cycler. Reactions were performed in 96-well plates, and all reaction components 

were handled on ice. Bio-Rad adhesive transparent seals (Microseal B, adhesive, optical; 

Catalog number MSB-1001) were applied and the plates centrifuged at 500rpm for 1 minute 

before each run. The cycler was set to SYBR Green I dye, 12ul reaction volume, and the 

cycling conditions were: 95°C for 8 minutes to activate the polymerase enzyme, followed by 40 

cycles at 95°C for 10 seconds (to denature the strands) and 20 seconds at 60°C (for annealing 

and strand extension), followed by 20 seconds at 72°C. Melting curve analysis was also 

performed at the end of each plate run to check for non-specific amplification. The conditions 

were 10 seconds at 95°C , 5 seconds at 65°C and 5 seconds at 95°C. For all latency transcripts, 

reactions were conducted in duplicates.  Raw Ct values were calculated and obtained using 

Bio-Rad CFX software (v2.0). Wherever the standard deviation (SD) exceeded 1,5 repeat 

reactions were conducted in triplicates. The two most similar replicate values were retained (if 

SD was below 1). All Ct values were then averaged and normalised according to two 

riboprotein housekeeper genes adopted for the assay (which were also run in duplicates on each 

same plate). 
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2.3.2 TaqMan Quantitative Real Time PCR 

TaqMan qPCR assays were performed using the Applied Biosystems ABI7900 machine in 

the óStandardô mode. Pre-designed assays were used with Applied Biosystems TAMRA 

fluorescent probes. To determine EBV copy number in the 1000 Genomes Human Variation 

panel samples, a relative copy number quantification was performed using EBV IR1 gene 

(Applied Biosystems catalog number: 4331182, assay code Pa03453399_s1) and RNase P 

(Applied Biosystems, Catalog number 4316831) TaqMan assays. 20ul reactions were 

prepared including 1ul of gene-specific 20x TaqMan Gene Expression assay, 1ul of sample 

gDNA solution, 10ul of 2xTaqMan Universal PCR Master Mix and 8ul of RNAse free water. 

The cycling conditions were set to 50°C for 2 minutes, 95°C for 10 minutes, followed by 40 

cycles at 95°C for 15 seconds and 60°C for 1 minute. Also the Namalwa cell line was used to 

estimate the absolute concentration / copy number of EBV. Since the Namalwa gDNA has 

been normalised to a uniform concentration of 100 ng/ul and each Namalwa cell contains 2 

copies of EBV haploid genome integrated into the cellular genome, it was possible to 

ascertain the unknown DNA concentration and copy number in the 1000 Genomes Project 

samples (whose concentration has also been normalised to 100 ng/ul). The required 

information was estimated from a standard curve constructed using serial dilutions of the 

Namalwa DNA. Copy number concentration was inferred by dividing the weight of DNA by 

6.6 pg (which is the weight of a diploid cellular genome). Reactions were set using Applied 

Biosystems MicroAmp® Fast Optical 96-Well Reaction Plates (Catalog number 4346906) 

sealed with Applied Biosystems MicroAmp® Optical Adhesive film Catalog number 

4360954). Plates and all reaction components were handled on ice. 

 

Expression of the following genes, flanking the previously identified LMP1 eQTL (Mohr 

2010) was quantified using custom TaqMan probes: CMYA1 (XIRP1) (ABI assay code 
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Hs01589203_m1), CX3CR1 (ABI code Hs01922583_s1), WDR48 (ABI code 

Hs00368247_m1) and CCR8 (ABI code Hs00174764_m1). Results were normalised to OAZ1 

(ABI code Hs00427923_m1), the housekeeping gene which was used in the original study. 

TaqMan Fast Universal PCR Master Mix (Catalog number 4352042) was used, and the 

ABI7900 machine run in the óFastô mode with reaction volumes reduced to 10ul. 

 

2.4 Housekeeper Assay  

Transcript quantification has to overcome the caveat of differing starting amount of RNA that 

in turn affects the levels of measured transcript, differential polymerase efficiency as well as 

inter-individual or tissue-specific variability in gene expression. Accurate normalisation is 

therefore necessary to compare expression in different individuals (Vandersompele 2002, Pfaffl 

2004). The amount of transcript can be standardised to the number of cells the RNA was 

extracted from, or the total RNA mass, however internal control genes are the most frequent 

method applied in expression normalisation (Vandersompele 2002). These are genes thought to 

be stably expressed across different individuals, tissue types and conditions (Pfaffl 2004). 

However, evidence from literature indicates that there is certain inherent variation and 

sometimes housekeeper genes may not be stably expressed, therefore checking their stability 

prior to an experiment as well as normalisation to multiple housekeeper genes have both been 

recommended to ensure a better quantification of target transcripts (Vandersompele 2002, 

Pfaffl 2004). 

 

2.4.1 BestKeeper 

In order to select stable housekeepers suitable for internal normalisation of the Ct values 

obtained by assaying the MRC-A samples for latent EBV expression, BestKeeper and geNorm 

programmes have been used.  BestKeeper is a Microsoft Office Excel based tool developed by 
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Pfaffl et al. (2004) and designed to investigate expression stability of multiple (up to ten) 

housekeeper genes at one time and across independent technical and biological replicates. The 

input for Bestkeeper is the threshold cycles (Ct) or crossing points (CP) averaged for each 

sample across all replicates.  Ct units are usually normally distributed and usage of Ct units is 

comparable with a logarithmic data transformation and enables parametric statistical tests to 

be used (Pfaffl 2004).  From this data standard descriptive statistics are calculated including 

SD and a coefficient of variance. Genes with high SD exceeding 1 are eliminated from 

further analysis. The software then calculates and relies on a function called the BestKeeper 

Index which is a geometric mean of the average Ct (or CP) values of all housekeeper genes 

which are put to test, and is given by the formula: 

 

 

z ã(CP1 × CP2 × CP3 × ....... × CPz) 

 

Descriptive statistics for the BestKeeper index are also calculated. The programme then takes 

all of the input housekeeper genesô average Ct values and makes pairwise correlation tests 

between each two and between each gene and the combined BestKeeper index, calculating the 

P-value and the Pearson correlation coefficient (r). The relation of each gene and its 

contribution to the index is given by the correlation coefficient (r) and the coefficient of 

determination (r2).  This determines which of the contributing genes correlate most strongly 

with the index (and with each other). Genes whose expression is highly correlated (>0.9) and 

which produce a consistent BestKeeper Index are then retained for the normalisation of other 

target genes Ct values. Alternatively, the BestKeeper Index itself can be used as a stable 

standardising index.  
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2.4.2 geNorm 

A similar Excel-based tool developed by Vandesompele et al. (2002) also accepts Ct values 

as input and assumes that ideal housekeepers have always the same stable ratio of expression 

levels, regardless of other factors. For each tested candidate gene, geNorm computes a 

statistic called the internal control gene stability measure M. First, pairwise variability is 

calculated. For each two-gene combination (j and k), an array of logarithmically transformed 

expression ratios (aj and ak) is established. Log-transformed ratios follow a normal 

distribution cantered on zero and take on equal absolute values with opposite signs for any 

specific ratio and its inverse (Vandesompele et al. 2002). The length of the array depends on 

the number (m) of samples or replicates: 

 

 

 

The stability measure M is calculated as the arithmetic mean of SDs of all arrays that 

combine a particular gene with all other control genes. Genes with the lowest M values have 

the most stable expression. This ranks the genes according to the expression stability and 

stepwise exclusion of housekeepers with highest M value is carried out until the two most 

stable remain within the index (Vandesompele et al. 2002). 

 

2.5. eQTL Mapping 

eQTL analysis is a powerful approach to evaluate regulatory genetic variants by finding 

correlations between gene expression and genotypes. With the advance of high-throughput 

technologies, large datasets make eQTL analysis technically challenging. There are multiple 
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approaches to eQTL studies, however most involve multiple independent association tests for 

each transcript-SNP pair, using linear regression and ANOVA models (PLINK) and non-linear 

methods such as mixed linear models and Bayessian regression (Shabalin 2012).  

 

2.5.1 Plink 

PLINK (Purcell et al. 2007) was used to map EBV viral copy number and latency eQTLs in all 

cohorts composed of unrelated individuals. Plink is a C/C++ statistical GWAS tool set 

designed to work with high-throughput data (such as genotype files containing hundreds of 

thousands of genotyped markers in thousands of individuals) and capable of finding SNPs that 

correlate with the amount of transcript through association tests for quantitative traits 

employing a standard linear regression of phenotype on allele dosage. Plink relies on *.ped 

files (containing information about individuals and their genotypes as well as phenotypes, 

which can also be specified in a separate *.pheno file) and *.map files (with information on 

the chromosomal location of all the genotyped SNPs) ï formats widely employed in GWAS. 

To comply with Plink input format specifications, expression and viral copy number 

phenotypic values have been used in a separate *.pheno file, while genotypes for all individuals 

from HapMap and 1000 Genomes panels have been downloaded as *.ped and *.map files, and 

*.vcf files respectively, from the HapMap and 1000 Genomes project websites. VCFtools were 

subsequently used to convert the relevant files into *.ped and *.map format. All files were 

transformed into binary files in PLINK in order to shorten the time necessary for association 

testing.  

 

PLINK tests quantitative traits for association using linear regression and asymptotic 

significance P-values (Wald test) (Holm et al. 2010, Purcell et al. 2007). Wald test is a 

popular test of linear restrictions on the coefficients of the standard linear regression (Lo et al. 
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1985). Originally, the W statistic had a quadratic form containing the estimated information 

matrix and the linear restrictions (Lo et al. 1985). The command --assoc was used to carry out 

the association test twice, with 0.01 and 0.05 minor allele frequency filter thresholds, to reduce 

false positive findings. When presented with a quantitative phenotype like copy number or 

transcript level (provided in a *.ped or *.pheno file), the --assoc command computes and 

produces regression statistics and Wald test results and saves them into a plink.qassoc file. 

This is equivalent to a 2 degrees of freedom genotypic association test. 

 

*.qassoc files were used to obtain global association Manhattan plots with a short script 

written in R. The SNP and the P-value column data was also used to construct local 

association plots for the most significant association peaks observed using an online tool 

LocusZoom. For the most interesting associations, relevant genotypes of all tested individuals 

were sourced from the *.ped file to construct box plots showing changes in gene expression 

and their direction dependent on the genotype. 

 

2.5.2 Merlin-offline 

To test the MRC-A family cohort composed mostly of sib pairs with HapMap Phase 3 MACH-

imputed genotypes, a different approach was employed. MACH is a Markov Chain based 

haplotyper able to infer missing genotypes in samples of unrelated individuals created by 

Yun Li and Goncalo Abecasis (http://www.sph.umich.edu/csg/abecasis/MACH/index.html). 

Merlin-offline was used because of its ability to both work with imputed genotype files and 

perform family based association tests. The current version is a pre-release. Merlin-offline is 

an undocumented programme created by Yun Li and Goncalo Abecasis and distributed 

together with the statistical computer software MERLIN created by Yun Li et al. (2010). 

Merlin-offline can work with Mach/MiniMac and other imputed genotype files once they are 

https://www.cog-genomics.org/plink2/formats#qassoc
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converted to MERLIN *.ped, *.dat, *.fam and *.map format. Merlin-offline can work with 

fully genotyped cohorts, however it can also estimate missing genotypes using probabilistic 

Lander-Green or Elston-Stewart (for large pedigrees with over 15 individuals per family) 

algorithms (Chen and Abecasis 2006). Merlin-offline then evaluates genome-wide 

associations for quantitative traits on the imputed dosage scores under an additive model 

through a Mixed Linear Model score test that incorporates an expected or pre-specified 

identity-by-descent (IBD) kinship matrix (Kampert 2011, Benyamin et al. 2009, Martin et al. 

2011, Chen and Abecasis 2006). The score test is normally specified by MERLINôs --

FastAssoc function. Alternatively, a likelihood-ratio test (--assoc function) can be applied, 

however the authors recommend the score test as faster and more suitable for ñscreening very 

large numbers of markersò like in GWAS, while reserving the likelihood-ratio test for a more 

accurate analysis of smaller marker sets typical of regional association tests in follow-ups and 

replication experiments (MERLIN Tutorial website). Since the experimental cohort included 

over 300 individuals in small pedigrees and over 2 million markers, the two tests should, 

according to authors, produce very similar results (MERLIN Tutorial website). Consequently, 

the faster score test was applied. The relevant HapMap Phase 3 imputed genotypes and family 

information files were obtained from collaborators in the MERLIN-compatible format. 

Association test results were saved into merlin-fastassoc-chr*.tbl files with the following 

fields: Marker / Allele / Effect / H2 / LOD / P-value. As with PLINK, the Marker and P-value 

data was subsequently used to construct global and regional association plots. 

 

2.5.3 Matrix eQTL 

To analyse the expression data from the RNA-seq experiments that used Caucasian and 

Yoruban HapMap samples, Matrix eQTL programme was used. Matrix eQTL is the official 

statistical eQTL analysis software of the Genotype-Tissue Expression project (GTEx) project 
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that aims to construct ña public atlas of gene expression and regulation across multiple human 

tissuesò (Shabalin 2012, Lonsdale et al. 2013, GTEx Portal). The reason for this was the large 

phenotype set containing expression values for 83 EBV lytic and latency transcripts. Matrix 

eQTL has an inbuilt feature allowing it to carry out a principal components analysis (PCA) of 

the multiple phenotypes, and then apply a chosen number of principal components as covariates 

in the association test (in order to control for confounding by population structure or technical 

variation). The software performs linear regression (least squares) analysis using the specified 

set of covariates and calculates a t-test statistic for every transcript and SNP, and then, to 

make the analysis faster, computes P-value, only for the test statistics that exceed a certain 

significance threshold, specified by the user (Shabalin 2012). 

 

2.6 eQTL data integration    

In order to prioritise association findings and discover possible functional links to human 

cellular pathways, public human eQTL databases were searched for those eQTLs that overlap 

with EBV QTLs spatially within a 200kb window. Before mining public study data and in 

order to obtain additional SNPs remaining in high LD with those already genotyped and 

tested, an LD-based proxy-search was carried out using an online tool, SNAP available at the 

Broad Instituteôs website (standard r2 threshold 0.8, distance limit 500 and 1000 Genomes 

Pilot 1 settings applied). eQTL databases searched included SCAN, Genevar, GTEx, The 

eQTL Browser (Pickerell et al. 2010) and seeQTL (Xia et al. 2011). 

 

2.7 GWAMA 

Meta-analysis combining identical phenotypes across multiple cohorts used in the study was 

conducted using Genome-Wide Association Meta-Analysis (GWAMA), a statistical software 

developed at the Wellcome Trust Centre for Human Genetics (Magi and Morris 2010). Fixed-
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effect analysis (which assumes that alleles of a SNP have the same effect on a quantitative 

trait in each tested populations) was performed for EBV transcript phenotypes and EBV copy 

number. GWAMA accepts PLINK format output files using the summary statistics to 

perform metanalysis. It checks the alignment of the genotyped SNPs onto same reference 

strand. Fixed effects meta-analysis looks at each SNP effect by combining its allelic effects 

weighted by the inverse of their variance. The combined allelic effect of the jth SNP is 

calculated with the equation: 

 

 

 

Where ɓij is the strand-aligned effect of the reference allele at the jth SNP in the ith study; 

wij = [Var(ɓij)] -1 is the inverse of the variance of the estimated allelic effect in the ith study, 

obtained from the standard error. GWAMA also checks the direction of each SNP's effects in 

all tested cohorts and reports the consistency as well as checks the summary statistics to 

control for population structure by reporting the lambda genomic inflation control factor 

(Devlin and Roeder 1999). This is a factor given by the median of the test statistics, divided 

by its expectation under the null hypothesis of no association, which is used to multiply and 

uniformly correct the test statistics inflated due to the population structure (Magi and Morris 

2010). 
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2.8. Oxford Biobank Whole Blood preparation 

 

2.8.1 Sample processing 

Whole blood samples were obtained from healthy volunteers of specific genotypes from the 

Oxford Biobank in ACD and EDTA tubes. The ACD tubes were subsequently shipped on the 

same day to Public Health England Cell Culture services for EBV transformation and LCL 

outgrowth, while the EDTA tubes were retained for B-cell purification.  

 

2.8.2. B-cell sorting 

7 EDTA tubes per individual, containing approximately 60ml of whole blood were obtained 

from the Oxford Biobank. The blood from each individual was pooled into two 50 ml Greiner 

tubes containing 20 ml of HBSS buffer to a total volume of approximately 50 ml per tube. The 

HBSS-diluted blood samples were subsequently transferred from the first set of tubes into 

another set for Ficoll extraction. For each two 50 ml Greiner tubes with HBSS-diluted blood 

from a single individual, three 50 ml Greiner tubes containing 12.5 ml of Ficoll were prepared. 

The blood was then transferred carefully, by tilting the tube and gently pouring the blood down 

the side of the Ficoll tube so that a layer of blood formed on top of Ficoll solution. Once the 

samples were transferred into the new set of tubes, they were centrifuged for 30 minutes at 

400g and room temperature with no brake (in order not to disturb the blood layer). 

  

In the next step samples underwent washing in HBSS solution. After spinning, the topmost 

plasma layer was removed using an automated pipette, and a sterile Pasteur pipette was used to 

remove the PBMC layer, which was pooled for each individual in a new set of 50ml Greiner 

tubes (single tube per individual) filled with 30 ml HBSS pre-cooled on ice. The samples were 

centrifuged for 10 minutes at 300g, room temperature. Supernatant was discarded. Pellets were 
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resuspended in 30 ml of HBSS and subjected to another spin, then, after removing the 

supernatant, resuspended again in 20 ml DPBS solution (0.5% Fetal Bovine Serum). Cells were 

counted and the samples pelleted. In the next step, supernatant was removed and, depending on 

the cell count in each sample, the pellets were resuspended in an adequate volume (as given by 

the Miltenyi Biotec CD19 MicroBead protocol) of PBS buffer (0.5% Fetal Bovine Serum; 80ul 

per 10 million PBMCs) and magnetic CD19 Bead solution (20ul per 10 million PBMCs). The 

solution was left to incubate for 15 minutes at 4°C and was centrifuged for the fourth time. 

Supernatant was discarded and pellets resuspended in 0.5% Fetal Bovine Serum PBS solution ï 

either 0.5 ml if sample counted up to 100 million PMBCs, or 1 ml if it numbered more cells. 

The solution was then fed into the Miltenyi AutoMACS machine, and B-cell counts were 

obtained from a 10ul fraction of the 2ml effluent. Approximately one third of the effluent was 

then transferred into a set of eppendorfs and frozen in 300ul of RLT buffer. The remaining 

solution was centrifuged in falcon tubes, resuspended in 20% Fetal Bovine Serum RPMI 

solution (0.5ml if up to 1mln B-cells, or 1ml if more), split in two and transferred into two sets 

(one to be cytokine-stimulated, and one control) of 5ml tubes ready for incubation. 

 

2.8.3. Stimulation and harvesting of B cells 

B-cells were left to recover at 37°C, 5% CO2 overnight, after which one set of samples was 

stimulated with CD40L (2ug/ml, 1ul in 500ul) CpG ODN (0.5uM, 1ul in 500ul) and IL-4 

(20ng/ml, 5ul in 500ul) and incubated for 24 hours. The other one was also incubated, but with 

no stimulation. The cells were then harvested by centrifugation at 300g and 4°C for 5 minutes, 

the supernatant was discarded and pellets re-suspended in 300ul RLT and stored at -80°C. 
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Chapter 3. Mapping EBV transcript QTLs 

 

3.1 Introduction  

Previous work has shown that human genetic variation was associated with differences in the 

expression of the EBV latency gene LMP1 in LCLs (Mohr 2010). The most significant 

association to LMP1 expression was rs1913243 (P-value 5.8x10-8). One hypothesis for the 

mechanism driving this association is that rs1913243 or other variants in strong LD act in cis 

to modulate the closest genes and somehow affect the process of viral infection/activity such 

that differences in expression of LMP1 occur. Expression levels of the two closest flanking 

genes to rs1913243, CMYA1 and CX3CR1, were not quantified at the time of the original 

study (Mohr 2010). This chapter describes work to test this hypothesis together with the 

results of eQTL mapping of EBV latency transcripts in different LCL cohorts (cohorts 

detailed in Table 6 and section 2.1). 

 

3.2 Aims of the chapter 

1. To test the hypothesis that the candidate eQTL (associated with EBV LMP1 transcript 

level), rs1913243, is also associated with expression of the nearest flanking human genes (as 

a potential cis-acting eQTL) in the YRI HapMap LCLs used by Mohr and colleagues (Mohr 

2010). 

 2. To extend the eQTL analysis in YRI HapMap LCLs by quantification and mapping of 

other EBV latency eQTLs. 

3. To quantify and map EBV latency transcript eQTLs in a larger, independent cohort of 

LCLs from the MRC-A panel established by Moffatt and colleagues (Moffatt 2007). 
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4. To map EBV latency eQTLs using EBV transcript expression levels available from RNA-

seq experiments conducted on HapMap LCLs and compiled by Avery and colleagues (Avery 

2013). 

5. To integrate MRC-A EBV latency eQTLs with MRC-A human eQTLs and prioritise 

candidate SNPs showing association with both viral and human gene expression. 

 

 

 

Table 7 ï Summary of cohorts and samples used in the current study.  

 

Cohort ID Source/Population Aim of study Publication Individuals Available 

for test 

Hypoxia HapMap / YRI Latency eQTLs  Mohr 2010 58 58 

RNA-seq 
HapMap / YRI, CEPH Latency eQTLs Arvey et al. 2012 

Cheung et al. 2010 

Pickerell et al. 2010 

Montgomery et al. 2010 

Public data 

67 YRI 

67 CEPH 

134 (67 + 
67) 

MRC-A 
British nuclear 
families (asthma 
probands and sibs) 

Latency eQTLs Moffat et al. 2007 352 277 

1000G 1000 Genomes / 
British, Finnish, 
Iberian, Italian 

Copy number Abecasis et al. 2012 414 287 

Choy HapMap / YRI, CEPH Copy number Choy et al. 2008 

Public data 

87 CEPH 

85 YRI 

( 45 JPT  meta-analysis 

only )  

172 (87 + 
85) 
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3.3 Characterisation of cis effects of the candidate LMP1 eQTL, rs1913243 

Haplotype analysis using HapMap Genome Browser release #2 showed that in the Yoruban 

HapMap population, the region harbouring LMP1-associated eQTL is split into two to three 

major linkage disequilibrium blocks, with rs1913243 (the eQTL SNP) located in the middle 

(Figure 18).  

 

 

Figure 18 ï Genomic landscape and LD plot spanning rs1913234, with names and locations of the neighbouring 

genes. Figure prepared using HapMap Genome Browser website (rs1913243 eQTL shown highlighted in 

yellow). LOD<2, Dô<1 plotted in white; LOD<2, Dô=1 in blue; LOD>2 Dô<1 in shades of pink/red; and 

LOD>2, Dô=1 in bright red.  

 

A more localised analysis of LD structure using local LD-plots constructed with an online 

tool, SNAP, revealed that rs1913243 tended to remain more closely in linkage with the SNPs 

from the downstream LD block (Figure 19). 
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Figure 19 - LD Plot constructed using SNAP online tool showing rs1913243 eQTL (large green diamond at the 

top) and the tested region. All 626 tested SNPs are displayed as smaller diamonds. LD between rs1913243 is 

indicated on the Y-axis (R-squared) as well as by the intensity of the shades of green and the size of the 

diamonds. The locations and names of genes located within the tested region are shown at the bottom and 

genomic location in kilobases is indicated by the X-axis. 

 

A number of candidate genes located within a 485 kb window (upper marigin extent of cis 

effects, Cookson et al. 2009) were considered and four genes (Figure 20) selected for 

transcript quantification and analysis for the following reasons: 

- CMYA1 (XIRP1): proximal to the putative eQTL, involved in cytoskeleton organization and 

negative regulation of cell proliferation. 

- CX3CR1: co-receptor of HIV-1, variants may increase susceptibility to HIV infection (Faure 

et al. 2003 Combadiere et al. 2003). 

- WDR48: may play a role in Herpesvirus saimiri and Human Papillomavirus HPV11 infection, 

regulator of de-ubiquitinating complexes (Ulrich and Walden 2010 Aviel et al. 2000 Jang et 

al. 2005), strong cis-acting eQTL present (rs205613 P 2.8x10-11) (Lunemann et al. 2009). 
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- CCR8: co-receptor of HIV-1; EBV, HHV8 and MCV express CCR8 agonists (Lee et al. 2000 

Efremov et al. 1999 Jinno et al. 1998 Horuk et al. 1998 Ruibal-Ares et al. 2004 Luttichau et 

al. 2010).  

  

 

 

 

 

 

 

Figure 20 ï HapMap Genome browser diagram showing the genes (marked by red circles) selected for 

validation of the LMP1 eQTL (rs1913243, marked by a yellow bar). HapMap Genome Browser release #28 - 

Phases 1, 2 & 3 - merged genotypes. 

 

Potential cis regulatory effects of the LMP1 eQTL involving four genes in the flanking 

regions were investigated using exon-spanning TaqMan Gene Expression probes run on the 

7900HT Fast Real-Time PCR System. cDNA from 58 LCLs from the Yoruba HapMap panel 

(listed in Appendix , Table A1) prepared for the previous study (Mohr 2010) was used. The 

cDNA samples included material sourced from 58 LCLs grown twice under different 

conditions: A) hypoxia-stimulated LCLs, B) cell lines grown in normoxic conditions. Both 

sample sets were assayed. For each set, for each cell line qPCR reactions were conducted in 

triplicates. Expression was normalised to a housekeeper OAZ1 encoding ornithine 

decarboxylase antizyme 1. OAZ1 was the most stably expressed housekeeping across the 58 

LCLs when tested by the SLqPCR R package (geNorm) together with 6 other candidates 

(Mohr 2010). Regional association tests were conducted using Plink (MAF >5%, HWE 

p<0.001, missingess 0.1) within an approximately 500 kb fragment (bp 38,991,792 to 

https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2&catID=601255
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39,477,047; fragment length was 485,255 bp in total), roughly 250kb on each side of the 

candidate eQTL, which is an approximate extent of potential cis regulatory effects. The 

selected fragment contained 626 SNPs (HapMap Phase 3). This yielded weak associations, all 

of which were considered non-significant after the Bonferroni multiple test correction for 626 

independent tests (and 2*626 when correcting for each trait being tested twice in Normoxia 

and Hypoxia samples). The results were also insignificant when Bonferroni Step-down 

(Holm) correction and FDR was considered instead. Even though the 4 tested traits may be 

indpenedent no further correction was applied. The five most significant SNPs for each assay 

are listed in Table 8. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8 ï Summary of results. Three most significantly associated SNPs (out of the 626 tested) are listed for 

each of the tested transcripts in both Normoxia- and Hypoxia-derived samples.  
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Local association plots are shown, constructed using the SNAP tool for CCR8 (Figure 21) 

and other genes in Appendix Figures A1-A3. In conclusion, the LMP1 eQTL SNP rs1913243 

was not associated with expression levels of the four flanking genes tested at the required 

level of significance. 

 

 

Figure 21 ï Regional association plot of the tested sequence containing LMP1 candidate eQTL, rs 1913243. P-

value of the rs1913243 association and the name of the tested transcript are indicated in bold within the plot. 

Genomic location is shown by the X-axis and P-value displayed on the Y-axis. 626 tested SNPs are depicted as 

squares; rs1913243 as the red diamond. SNPs in LD with rs1913243 are coloured in shades of red according to 

the extent of LD given by r-squared scale in to top left corner. Local genes are displayed at the bottom and their 

locations indicated by green lines. The plots shows association results obtained from the normoxia samples only. 

 

3.4 EBV latency eQTLs in the Hypoxia study LCLs 

Since all EBV latency transcripts are important for the in vivo immortalisation process, and 

each family of latency proteins affects different molecular pathways and interacts with 

variable sets of human proteins, latency transcript abundance may also respond to different 
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regulatory genetic effects. Polymorphisms in human TFs should thus affect viral gene 

expression. Quantification of all latency transcripts was therefore the next aim of the study. It 

was expected that the key viral oncogenes, LMP1 and EBNA2, with the highest number of 

known molecular interactions, would be most sensitive to genetic regulation.  

The first stage of the experiment was conducted using cDNA samples from the Mohr study. 

This also enabled revalidation of the candidate LMP1 eQTL using genetic material from the 

same cell lines that had been grown for the purpose of the hypoxia experiment. Consequently, 

cDNA from the 58 Yoruba LCLs, grown in normoxic conditions, was assayed for the 

expression of 11 EBV latency transcripts using BioRad SybrGreen quantitative PCR with 

primers that had been validated in previous studies (Pan et al. 2006 Lindsey et al. 2009 Bell 

et al. 2006 Kelly et al. 2006). The housekeeping gene OAZ1 was used to normalise the 

expression values. Reactions were conducted in duplicates and, if SD of the replicates 

exceeded 1, repeated in triplicates, and averaged. Whole genome association tests were 

conducted using Plink (--assoc function) and HapMap phase 3 genotype data (28th May 2010 

release, included 1,457,897 SNPs). Filters included 10% for individual and SNP missing rate, 

P-val HWE<0.001 and MAF > 0.05. The associations for different EBV latency transcripts 

are summarised below. 5*10-8, a standard genome-wide significance threshold adopted in 

GWAS studies, was set as the P-value threshold for associations. Since viral latency 

phenotypes are expected to be highly correlated (most transcripts are produced from a 

common precursor transcript) they cannot be treated as genuinely independent observations. 

Consequently no further correction was applied particularly the Bonferroni correction, since 

it would be inaccurate when multiple phenotype traits are correlated. 
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3.4.1. BART 

BARTs are untranslated micro-RNAs from the viral BamHI region whose function has not 

been established although they are expressed in all latency modes and appear essential for 

viral persistence (Young and Rickinson 2004, Kieff et al. 2010). A suggestive (1E-07< P-

value < 1E-05) association was found on chromosome 6, close to the centromere (Figure 22). 

The SNPs are in a segment with no gene located within 250 kb on either side. Another 

suggestive association to a single SNP was located on the same chromosome, in an intergenic 

region between SLC22A23 (implicated in Crohnôs disease) and C6orf145 (Franke et al. 

2010). A single significantly associated SNP, rs1380703, was located in an intergenic region 

on chromosome 2 (P-value 2.70E-13). 

 

Figure 22  ï Whole genome association plot for BART transcript. Chromosome displayed along the X axis; Chr 

23 and 24 denote X and Y chromosomes respectively; - log10 P-values displayed on the Y axis. 

 

3.4.2 EBER1 

EBER-1 and EBER-2, together with cellular factors, assemble into a ribonucleoprotein and 

inhibit kinase protein kinase R which mediates the antiviral effects of interferons. EBER-

mediated inhibition of protein kinase R could promote viral persistence (Kieff et al. 2010 
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Young and Rickinson 2004). The SNPs most significantly associated with EBER1 expression 

cluster in one major site on chromosome 17 approximately 500 kb long (P-value 8.59E-10, 

Figure 23-25). Three genes can be located within the site, including SSH2, FCAB5 and 

CCDC55, as well as SLCA6A4. More distant genes, located within 250kb from the 

association peak include TAOK1, GIT1, ANKRD13B and CORO6, BLMH, TMIGD1 and 

CPD. The region contains a GWAS risk locus, rs3110496, which has recently been 

associated with height (Lango et al. 2010). Another association peak, falling within the 

suggestive range, corresponds to the one observed in BART and is located between 

SLC22A23 and C6orf145.  

 

 

 

Figure 23 ï Whole genome association plot for EBER-1 transcript. Chromosome displayed along the X axis; 

Chr 23 and 24 denote X and Y chromosomes respectively; - log10 P-values displayed on the Y axis. 
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Figure 24 ï Regional SNAP plot for SSH2 locus showing association with EBER-1 expression. Genomic 

location is shown by the X-axis and P-value displayed on the Y-axis. Tested genotyped HapMap Phase 3 SNPs 

are depicted as squares. Most significantly associated SNP is shown by the red diamond and SNPs in LD are 

coloured in shades of red according to the extent of LD given by r-squared in to top left corner. Local genes are 

displayed at the bottom and their locations indicated by green lines. 

 

 

. 

Figure 25 - EBER-1 expression by rs3809790 genotype ï boxplot. Delta-Ct values displayed on Y axis. Values 

below zero indicate transcript abundance levels higher than in the housekeeper gene used to normalise the data. 
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3.4.3. EBER2 and EBNA1 

 

EBNA1 is a nuclear phosphoprotein which binds viral DNA circularising it into an episome 

which is required for the replication and maintenance of EBV genome (Young and Rickinson 

2004 Kieff et al. 2010). These transcripts failed to provide any evidence for genome-wide 

significant eQTLs (Figure 26).  

 

Figure 26 ï Whole genome association plot for EBER-2 transcript. Chromosome displayed along the X axis; 

Chr 23 and 24 denote X and Y chromosomes respectively; -log10 P-values displayed on the Y axis. 

The only significant association for EBNA-1 was rs1453846 on chromosome 15 (P-value: 

3.61E-08) (Figure 27). 



96 
 

 

Figure 27 ï Whole genome association plot for EBNA-1 transcript. Chromosome displayed along the X axis; 

Chr 23 and 24 denote X and Y chromosomes respectively; - log10 P-values displayed on the Y axis. 

 

3.4.4. EBNA2 

ENA2 is a phosphoprotein and the main EBV trans-activator for both cellular and viral genes 

(Young and Rickinson 2004 Kieff et al. 2010). By transactivating the viral Cp promoter it 

switches full latency gene expression observed early in B-cell infection (latency III) (Kieff et 

al. 2010). Suggestive associations were found located on chromosome 2, within a gene desert 

with no genes within approximately 500 kb on either side (Figure 28-30). Significant 

associations (rs11784988 and rs11785806, P-value 6.26E-14) were found located on 

chromosome 8 within ASAP1, harbouring an MS risk locus (Bahlo et al. 2009), which 

however has not been replicated (Sawcer et al. 2011). There were other suggestive 

associations on chromosome 8 within PLEKHF2 and close to radiation response QTLs (Niu 

et al. 2010) and to a type 2 diabetes risk locus (Voight et al. 2010). Weaker associations point 

to ACCN1 locus on chromosome 17.  
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Figure 28 ï Whole genome association plot for EBNA-2  transcript. Chromosome displayed along the X axis; 

Chr 23 and 24 denote X and Y chromosomes respectively; - log10 P-values displayed on the Y axis. 

 

The association for ASAP1 consists of three SNPs (including two in high LD, Figure 29), 

however it is accompanied by a differentiation in levels of expression of EBNA-2 (Figure 

30). 

 

 

 

Figure 29 ï Regional SNAP plot for EBNA-2 associated region cantered on rs11784988. 
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Figure 30 ï EBNA-2 expression by rs11784988 genotype ï boxplot. Delta-Ct Values displayed on Y axis. 

 

 

3.4.5. EBNA3 family 

EBNA3 proteins are transcriptional regulators which control EBNA2 activity by repressing 

EBNA2-mediated transactivation (Young and Rickinson 2004). EBNA2 and the EBNA3 

cooperatively control RBP-Jkappa activity regulating the expression of cellular and viral 

promoters (Young and Rickinson 2004). Associations were found localising to DCLK1 on 

chromosome 13 (Figure 31), a locus containing SNPs associated with height, vertical cup-

disc ratio and heart rate variability (Ndiaye et al. 2010, Ramdas et al. 2010, Newton-Chech et 

al. 2007). Also another putative eQTL associated with THSD4 on chromosome 15, a gene 

containing a marker implicated in pulmonary function (Repapi et al. 2010). Two other 

smaller peaks correspond to the two previously observed in BART.  
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Figure 31 ï Whole genome association plot for EBNA-3A transcript. Chromosome displayed along the X axis; 

Chr 23 and 24 denote X and Y chromosomes respectively; - log10 P-values displayed on the Y axis. 

 

Expression of EBNA3B was associated with SNPs on chromosome 5 (Figure 32) within an 

intergenic fragment containing SNPs implicated in Sudden Cardiac Arrest (Aouizerat et al. 

2011 Bhatnagar et al. 2011).  

 

Figure 32 ï Whole genome association plot for EBNA-3B  transcript. Chromosome displayed along the X axis; 

Chr 23 and 24 denote X and Y chromosomes respectively; - log10 P-values displayed on the Y axis. 

 

The associated region for EBNA3C encompasses SSH2 and the neighbouring EFCAB5 on 

chromosome 17 (P-value 2.22E-08) (Figure 33-35). Another SNP associated with EBNA3C 
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is located on chromosome X. Within 200kb of the SNP there is SPANXN1 as well as 

rs6627057, associated with bipolar disorder and schizophrenia (Wang et al. 2010).  

 

Figure 33 ï Whole genome association plot for EBNA-3C  transcript. Chromosome displayed along the X axis; 

Chr 23 and 24 denote X and Y chromosomes respectively; - log10 P-values displayed on the Y axis 

. 

 

 

Figure 34 ï Regional SNAP plot for SSH2 locus and association with EBNA3C  expression. 
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Figure 35 ï EBNA-3C  expression by rs4474741 genotype- boxplot. Delta-Ct Values displayed on Y axis. 

 

33.4.6 LMP1 

LMP1 resembles CD40 and can partially substitute for it in vivo providing both survival and 

differentiation signals necessary for the B-cells to progress through the germinal centre and 

differentiate into resting memory B-cells. Associations found include SNPs localising to 

SLIT1 on chromosome 10 and SSH2 on chromosome 17 (Figure 36-38). Other associations 

include the region of THSD (Chr 15) as well as an intergenic region on chromosome 12. 

There was a number of solitary associations with one significant SNP encompass SLIT1, 

AK3, PIK3CG, SLC1A1 and FBXO10 / TOMM5 and NALCN. The hypoxia study LMP1 

eQTL (rs1913243 ) has not been available since it has not passed the QC, however no 

significant association were present at the locus. 
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Figure 36 ï Whole genome association plot for LMP-1 transcript. Chromosome displayed along the X axis; Chr 

23 and 24 denote X and Y chromosomes respectively; -log10 P-values displayed on the Y axis. 

 

 

 

.Figure 37 ï Regional SNAP plot for SSH2 locus and association with LMP1 expression.  
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Figure 38 ï LMP-1 expression by rs7222308 genotype ï boxplot. Delta-Ct Values displayed on Y axis. 

 

3.4.7 LMP2 

LMP2A is a transmembrane protein that contains immunoreceptor tyrosine-based activation 

motifs and thus mimics the actions of BCR receptor, delivering a non-proliferative signal 

necessary for B-cell maturation, resembling that of an intact BCR (Thorley-Lawson 2001 

Young and Rickinson 2004). The analysis yielded no significant association peaks for LMP2. 

Four statistically significant single-SNP associations were located in different intergenic 

regions with no evident function (Figure 39). 

 

Figure 39 ï Whole genome association plot for LMP-2 transcript. Chromosomes are displayed along the X axis; 

Chr 23 and 24 denote X and Y chromosomes respectively; -log10 P-values displayed on the Y axis. 
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3.4.8 EBNA-LP 

Despite testing over a range of annealing temperatures, the primers for EBNA-LP failed to 

yield a specific product described by Pan et al. (2005). Owing to the highly repetitive 

structure of the transcript and its similarity to EBNA-2, successful amplification can be 

challenging (personal correspondence with Dr Paul Ling, former officer at the International 

Association for Research on EBV and Associated Diseases). For the reasons described, 

EBNA-LP had to be excluded from the current and subsequent analysis. 

 

3.5 EBV latency eQTLs in the MRC-A panel  

In order to improve the power of the association tests, the search for latency eQTL was 

extended to a larger cohort MRC-A from the asthma eQTL study (Moffat et al. 2007). This 

cohort consisted of 57 singletons, 109 sib pairs, 23 sib trios and 2 quadruplets from 180 

British families (352 LCLs in total before cDNA conversion and QC, see Appendix). To 

account for the family-based character of the tested cohort, a statistical tool Merlin (accepting 

an externally provided kinship matrix as input) was used which can implement family-based 

association tests (Chen 2007). More specifically, merlinðoffline function was applied 

because of its ability to work with imputed genotype data. This was necessary because 

HapMap Phase 3 MACH-imputed genotypes were used for association tests.  

Genotypes for the MRC-A panel were obtained for the Illumina Sentrix Human-1 

Genotyping BeadChip (100k), Illumina Sentrix HumanHap300 BeadChip (300k) as well as in 

the HapMap Phase 3 MACH-imputed format. The transcripts were quantified using 

SybrGreen qPCR method and the same primers as previously (section 3.4). As a new cohort 

was used for the assay, and, unlike in the hypoxia study panel, all MRC-A LCLs represented 
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the 1st passage of growth, it was decided to test a selection of housekeeping genes for 

consistency of expression and choose the best gene(s) for results normalisation.  

 

3.5.1 Housekeeper assay 

Housekeeping genes are considered to have stable expression levels across different cells of 

the same type and, in some instances, also across different cell lines and thus are commonly 

used as a yardstick by which the expression of the gene of interest (which may vary from cell 

line to cell line) is measured (Vandesompele 2002, Hugett 2005, deJonge 2007). This allows 

for comparison of the data from different reactions/individuals irrespective of the differences 

in the input RNA used in these reactions (Pfaffl et al. 2004, de Brouwer et al. 2006). 

However, housekeeping gene stability may vary and it is essential to determine which genes 

constitute the best candidates for a particular set of samples and experiment (Radonic et al. 

2004, Dheda et al. 2004, Vandesompele 2002, Pfaffl et al. 2004). Since OAZ1 had been 

previously identified as the most stably expressed housekeeping gene in the hypoxia study 

cohort (Mohr 2010), therefore it was retained for the EBV latency assays conducted using the 

hypoxia study samples. However, for the new MRC-A cohort another optimisation of 

housekeeping genes was necessary.  

Six genes, GAPDH, BACT, OAZ1, HPRT1, RPL60, RPS6, commonly used in RT-PCR and 

described in the literature (de Brouwer et al. 2006, Lord et al. 2010, de Jonge et al. 

2007),were tested for stability across a random set of 50 HapMap LCLs. Two algorithms 

were used, Bestkeeper and SLqPCR (a version of geNorm written in R) which are 

independent statistical applications. The best pairs with highest pairwise correlation 

coefficient and lowest variation were GAPDH + HPRT1 (selected with SLqPCR) and RPL60 

+ RPS6 (selected using Bestkeeper with correlation coefficient of over 0.9). However 
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Bestkeeper, which takes into account also the sample-to-sample variability in Ct values, 

indicated that GAPDH and HPRT have much higher SDs and therefore are less suitable. This 

was also evident from the raw data. Therefore it was decided that the two ribosomal 

housekeepers, which also appeared as second-best pair in geNorm, would be retained as the 

best combination of stable reference genes for normalising expression of EBV transcripts 

(Mohr 2010). 

 

3.5.2 Latency eQTL assay results 

RNA from 352 MRC-A LCLs was reverse transcribed into cDNA and assayed for expression 

levels of 10 latency transcripts. Primers for the 11th transcript ENBA-LP failed the specificity 

test (as stated before).  

 

Quality Control  

MDS analysis was performed on Illumina 300k MRCA genotypes to check for possible 

population outliers (according to MDS protocol given in the Appendix). The samplesô 

genotypes were tested together with corresponding HapMap Phase 3 Yoruban CEPH and 

Chinese genotypes used as reference. No individuals were excluded as population outliers.  

Reactions were conducted in duplicates and, if the SD of the replicates exceeded 1.5, 

repeated again in triplicates (up to two more times). Samples whose SD exceeded 1.5 

repeatedly were removed from further analysis. Two housekeeping genes RPL30 and RPS6 

were used for data normalization (in order to obtain delta-Ct values equivalent to log-

transformation). The two reference genes revealed almost identical expression levels with 

very low SD (below 0.4) whose magnitude was the same as between technical replicates of 
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each of the housekeeping genes on its own. However, in several reactions RPS6 assay 

repeatedly yielded no detectable expression and therefore only RPL30 was retained for the 

normalisation of Ct values. Since the two genes scored high in tests of stability by two 

algorithms, and their transcript expression levels were highly similar (SD below 0.4), this 

should not have a significant impact on the quality of expression data.  

Delta-Ct values were thus calculated using RPL30 reference replicates only.  Delta-Ct values 

lower or higher than two times standard deviation from the mean of the whole cohort were 

considered as outliers and removed from the analysis. This meant that before the tests were 

implemented, between 5 to 15 outliers were removed for each phenotype tested. An 

alternative approach would be to apply a conservative quantile normalisation to enforce 

normal distribution. The delta-Ct values represent log-transformed phenotypes and no other 

transformation was applied before the first round of tests. In the end however, Z-score 

normalisation was applied to the tested EBV latency phenotypes. The reason for this was that 

non-normalised delta-Ct phenotypes were still non-normally distributed even after removing 

the most obvious outliers (two times standard deviation from the mean), and this resulted in 

numerous solitary associations (Table A4, Figure A5), particularly abundant for EBNA3B. 

Quantile normalization was also considered, however it would likely leave no eQTL 

candidates because of its high stringency. Filters included 10% for individual and SNP 

missing rate, P-val HWE<0.001 and MAF > 0.01. 

  

PCA of the EBV expression data was conducted and the test was repeated multiple times 

with a variable number of 0-5 PCs adopted as covariates to control for possible batch effects, 

and population structure or cryptic relatedness (merlinðoffline takes pre-specified familial 

relatedness into account when calculating kinship matrix). No PC-covariates correlated with 

RNA/cDNA conversion plate, qPCR plate or sex and family ID, however since a possible 
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batch effect was observed when correlating Ct values to the original boxes in which the RNA 

was first shipped and provided from Professor Cookson lab and using 1-3PCs did not alter 

the main association results, and using 3PCs seemed to result in most significant associations, 

therefore data obtained with 3 PC-covariates was analysed and presented in Table 9 (but not 

in Table A4 where delta-Ct phenotype results with no PC correction are shown). HapMap3 

imputed genotypes were not available for 56 samples and 19 samples yielded no expression, 

which reduced the number of LCLs available for the association test to 277, however some 

additional samples (5 to 15) had be to be removed in each test because their corresponding 

phenotypes differed by more than 2 SDs from the mean.  

No QC has been conducted on the MRCA genomewide expression data provided by 

Professor William Cookson except for an additional PCA (see section 5.5.3). 

 

Results 

The most significant associations are summarised in Table 9.  

SNP               Chr Solitary MAF TRAIT P-value   Gene eQTL / disease association 

rs17158616     10  

 

 + EBNA1 1.06E-08 RASGEF1A  

rs17158630     10  + EBNA1 1.10E-08 RASGEF1A eQTL for CD83 - interacts with 

EBV's LMP1 

rs17339199      7 + + EBNA3A 2.12E-08 FKBP6 eQTL for IL12B - MS and 

lymphoma associated 

rs11867159      16 + + EBER1 6.73E-08 RBFOX1  

rs12660137       6   EBER1 6.77E-08  eQTL for TNFRSF1B - MS 

SLE PTLD associated 
 

Table  9 ï EBV latency eQTL candidates. Only the most significant associations at P-value < 1E-07 are listed 

i) SNP ï statistically significant associations are listed by SNP in the first column.  

ii)  Chr ï gives the genomic location of a significant association by chromosome 

iii)  Solitary ï ñ+ò sign signifies that no other SNP associated  at p< 1E-07 was present within 250kb    

iv) MAF ï ñ+ò denotes whether  minor allele frequency of the associated SNP exceeded 0.5  

v) TRAIT ï lists the EBV latency transcript associated with a relevant SNP 

vi) P-value ï reports the P-value of  the test statistic 

vii)  Gene ï reports the genomic location of the associated SNP by gene 

viii)  eQTL ï lists human genes whose expression had been associated with a given SNP in previous 

eQTL mapping experiments included in the SCAN, Genevar and GTEx databases. 
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The associations were prioritised on the basis of statistical significance; MAF; number of 

significantly/suggestively associated SNPs within a single 400kb window centered on the 

SNP with lowest P-value; genomic location of the candidate eQTL and its function (if within 

or near a functional element); overlap between the candidate viral eQTL and human eQTLs 

obtained from the same MRC-A cohort by a global gene expression assay; overlap between 

the candidate viral eQTL and human eQTLs sourced from public databases (SCAN, Genevar 

and GTEx); and functions and associations of human genes reportedly affected by the 

candidate viral eQTL. Only three SNPs reached the nominal genome-wide significance level, 

and two of them were located in the same locus (within the ORF of RASGEF1A) and 

appeared as solitary associations on the regional association plot. The SCAN database 

identified three of the most significantly associated SNPs as eQTLs for human transcripts. 

SCAN's database includes eQTLs from 87 HapMap CEU and 89 YRI LCLs assayed with 

Affymetrix Human Exon 1.0 ST Array (targeting 60 000 transcripts) 

(http://www.scandb.org/). No overlap was observed with significant eQTLs from the Genevar 

database sourced from an experiment conducted by Stranger et al. (2012) on 726 HapMap 

LCLs from 8 different human populations (http://www.sanger.ac.uk/). Interestingly, all three 

human transcripts had a biological link either to EBV infection or EBV-related autoimmune 

diseases. No overlap with MRCA eQTLs was present. 

No significant associations were present for BART small untranslated RNAs (Figure 40) and 

the overall association was low and below 1*E-06. 
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Figure 40 ï BART genomewide associations. Chromosomes are displayed along the X axis; -log10 P-values  

displayed on the Y axis. 

 

For the EBER1 untranslated RNA, a single association peak with a significant eQTL 

(rs11867159, 6.7E-08) was identified on chromosome 16 within the ORF of RBFOX1 (Figure 

41-42). Another solitary significant association was present on chromosome 6. 

 
Figure 41 - EBER1 genomewide associations. Chromosomes are displayed along the X axis; -log10 P-values  

displayed on the Y axis. 
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Figure 42 ï EBER 1 and rs11867159 (RBFOX1) regional association plot; rs11867159 indicated by a purple 

diamond; Genomic location indicated by the X-axis, P-value by the Y-axis; r2 scale showing the degree of LD 

between the lowest P-value SNP other SNPs displayed in the upper left hand corner; ; only associations at p< 

1E-01 are shown. 

 

No significant associations were found for the other EBV-encoded small RNA. A small peak 

with a suggestive association (rs7233241, 1.60E-06) was present on chromosome 18, 

proximal to an immunoglobulin family transmembrane receptor (Figure 43-44), Deleted in 

Colorectal cancer (DCC). 
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Figure 43 - EBER2 genomewide associations. Chromosomes are displayed along the X axis; -log10 P-values  

displayed on the Y axis. 

 

 

Figure 44 ï EBER2 and rs7233241 (DCC) association to EBE2 regional association plot; rs7233241indicated 

by a purple diamond; only associations at p< 1E-01 are shown. 

Two SNPs significantly associated with EBNA1 levels were located on chromosome 10, 

within the ORF of RASGEF1A, however did not constitute a part of a continuous association 

peak (Figure 45-46). Suggestive association peaks for the EBNA1 were also located on 

chromosome 3 and chromosome 20 (Figure 47-48).  
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Figure 45 - EBNA1 genomewide associations. Chromosomes are displayed along the X axis; -log10; P-values 

displayed on the Y axis. 

 

 

 

Figure 46 - RASGEF1A and rs17158630 association (EBNA1) regional plot; only associations at p< 1E-01 are 

shown. 
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Figure 47 ï EBNA 1 and rs10470376 regional association plot. rs10470376 indicated by a purple diamond; 

only associations at p< 1E-01 are shown. 

 

Figure 48 - EBNA1 and rs6121444 (CDH4) regional association plot; rs6121444 indicated by a purple 

diamond; only associations at p< 1E-01 are shown.  
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The peak on chromosome 20 fell within CDH4, a member of the cadherin family of proteins 

regulating cell-cell adhesion which has recently been proposed to be a new putative tumor 

suppressor gene epigenetically silenced in NPC (Du et al. 2011). In contrast, weak 

associations were present for the EBNA2 (Figure 49). 

 
Figure 49 - EBNA2 genomewide associations. Chromosomes are displayed along the X axis; -log10 

P-values displayed on the Y axis. 

 

A single significant association (rs17339199, within FKBP6) was identified by the EBNA3A 

assay (Figure 50). The SNP however, was not a part of an association peak. 

 
Figure 50 - EBNA3A genomewide associations. Chromosomes displayed along the X axis; -log10  

P-values displayed on the Y axis. Significant SNP marked in green  
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No significant associations for EBNA3B transcript levels were found (Figure 51). 

 

 

 
Figure 51 - EBNA3B genomewide associations. Chromosomes are displayed along the X axis; -log10 

P-values displayed on the Y axis. 

 

No significant associations have been identified for the EBNA3C transcript (Figure 52). 

 

Figure 52 - EBNA3C genomewide associations. Chromosomes are displayed along the X axis; -log10 

P-values displayed on the Y axis. 
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The overall association levels of LMP1 were higher with more random noise present, than in 

the other latency transcripts, however no single association reached genomewide significance 

(Figure 53). 

 

Figure 53 - LMP1 genomewide associations. Chromosomes are displayed along the X axis; -log10 

P-values displayed on the Y axis. 

No significant association results were obtained for the LMP2 expression levels (Figure 54). 

 

Figure 54 - LMP2 genomewide associations. Chromosomes are displayed along the X axis; -log10 

P-values displayed on the Y axis 
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3.5.3 eQTLs for both EBV and human transcripts 

The original study of global gene expression in the MRC-A panel LCLs measured the 

expression levels of 54,675 transcripts representing 20,599 genes (Dixon et al. 2007). By 

courtesy of Professor Cookson, the expression data (measured with the Affymetrix HG-U133 

Plus 2.0 chip) was made available for the purpose of the current study. The expression data 

had already been subjected to QC conducted by Professor Liang and Professor Cookson. 

First, all gene expression was normalized together using the robust multi-array average 

(RMA) package in order to remove technical and spurious variation and background noise 

(Irizarry et al. 2003, Bolstad et al. 2003). A second inverse normal transformation step was 

also applied to each trait to avoid any outliers and enforce normal distribution. Finally the 

expression data was subjected to PCA correction. Since all microarray probes per individual 

are subjected to identical experimental conditions, it is possible to summarise them through a 

principal components analysis which regresses out noise in the form of the top principal 

components of gene expression that correlated with technical factors like RNA extraction and 

cDNA synthesis dates, the date that the sample was fragmented, and the date of chip 

hybridization. Human expression data used for this experiment has been subjected to a new 

method for dimension reduction which accounts for nongenetic effects in estimates of 

expression levels, developed by Liang et al. (2013). Like the Bayesian factor analysis model 

used by Pickrell et al. (2010) this method models all the unobserved confounders explicitly 

(Liang et al. 2013). And likewise, this method selects such number of PCs that that results 

largest number of eQTLs (Liang et al. 2013). The expression data was then made available 

for the current study. 

Datafiles with array feature locations and full  array design annotation were downloaded using 

accession number (E-MTAB-1425) for the MRC-A panel from the ArrayExpress online 

directory at European Molecular Biology Laboratory - European Bioinformatics Institute, 
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EMBL-EBI website and from the Affymetrix website. Processed expression data was then 

tested against HapMap 3 imputed genotypes multiple times, each time up to 50 PCs used as 

covariates to regress out any potential residual confounding effects. As predicted, using 0 to 3 

PCs as covariates yielded most associations. This is because PCA correction had already been 

conducted and applied previously (as discussed above). Consequently results obtained with 0 

PC-covariates were used for the purpose of this study. Results are summarised in Table 10. 

The results of the assay were contrasted with the list of candidate EBV eQTLs. No SNP-

probe association turned out to cross the nominal genome-wide significance threshold 

although a single suggestive association was present to an uncharacterised transcribed locus 

(shown in bold in Table 10).  

SNP EBV 

transcript 

P-value Locus Affymetrix 

probe 

P-value human transcript 

rs17158616 EBNA1 1.06E-08 RASGEF1A    

rs17158630 EBNA1 1.10E-08 RASGEF1A    

rs17339199 EBNA3A 2.12E-08 FKBP6 1565565_at 5.83E-07 Human transcribed locus. Represented by 

2 ESTs from 1 cDNA libraries. 

rs11867159 EBER1 6.73E-08 A2BP1    

rs12660137 EBER1 6.77E-08     

 

Table 10 ï Human MRC-A eQTLs. Significant EBV eQTL candidates (SNPs) and their respective EBV 

transcripts are listed in the first two columns. The last three columns list the associated Affymetrix probe, P-

value for the test statistic and the corresponding human transcript linked to the same candidate EBV eQTL by 

the association test. 

 

3.6 EBV eQTLs from RNA-seq experiments 

In 2013, a study by Arvey et al. (2013) investigated EBV expression and interactions mining 

RNA-seq expression data from previous experiments by Birney et al., 2007; Cheung et al., 

2010; Kasowski et al., 2010; Montgomery et al., 2010; and Pickrell et al., 2010. The group 
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mapped transcript sequences to the EBV genome, quantified the expression of latency an 

lytic genes, and investigated correlations between human and viral expression identifying 

groups of genes that are co-expressed. Associations between EBV transcript levels and 

human genetic variation were beyond the scope of study and not discussed, however, EBV 

expression data combining, 83 latency and lytic transcripts, was made public 

(http://ebv.wistar.upenn.edu/download.html) and available for further investigation. That data 

became the subject of the next analysis in the current search for potential EBV eQTLs.  

 

Quality Control  

EBV expression for 67 individuals from the HapMap Yoruban panel was sourced from the 

Pickrell et al. (2010) study (the viral expression was quantified from raw read by Arvey et al. 

2011 and uploaded to http://ebv.wistar.upenn.edu/download.html), while viral expression 

data for 67 CEPH individuals was pooled from non-overlapping LCLs grown by Cheung et 

al. (2010) and Montgomery et al. (2010). No further phenotype transformation was 

performed. Genomic information was obtained from the HapMap Phase 3 download directory 

at the HapMap website (28-May-2010) and data for both populations was analysed separately 

using MatrixEQTL (with a MAF threshold of 5%, SNP missing rate 10%, P-val 

HWE<0.001) with PCA correction (between 0 to 5 PCs was used as covariates in the 

association test).  The results discussed in the section below were obtained using no PCs.  

 

3.6.1 RNA-seq EBV latency and lytic eQTLs 

Initial analysis yielded a set of significantly associated SNPs which were prioritised 

depending on the strength of the association, number of significantly or highly (P-value of 

http://ebv.wistar.upenn.edu/download.html
http://ebv.wistar.upenn.edu/download.html
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1*10-6 and higher) associated SNPs in any 400kb region, their location, and whether they 

have already been identified as eQTLs in eQTL databases (SCAN, Genevar, GTEx). QQ 

plots are shown for the YRI and CEPH cohorts (Figure 55).  

 

Figure 55. Genome wide QQ plots for RNA-seq EBV eQTL associations. 

 

For YRI, the strongest eQTLs were found for EBNA1 involving three different genomic 

regions. These included rs1317155 (P-value 1.9E-08) in the region of CLSTN2 on 

chromosome 3 (Figure 56); rs17276586 (P-value 4.2E-08) in region of CDH13 on 

chromosome 16 (Figure 57) and rs17564816 (P-value 5.2E-09) on chromosome 13 (Figure 58) 

(Results also summarised in Table 11).  
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Figure 56 ï Regional association plot for EBNA-1 and rs1317155 (in CLSTN2) in YRI. Genomic location 

indicated by the X-axis, P-value by the Y-axis SNP with lowest P-value indicated by a purple diamond; r2 scale 

showing the degree of LD between the lowest P-value SNP other SNPs displayed in the upper left hand corner; 

only associations at p< 1E
-01 

are shown. 

 

 

Figure 57 - Regional association plot for EBNA-1 and rs17276586 (CDH13) in YRI. Only associations with p < 

1E
-01

 are shown. 
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rs17564816 was located within TNFSF13B and showed association to EBNA1 levels in YRI. 

Also in CEPH samples three SNPs located immediately downstream of the gene showed 

significant association, but to EBNA2 transcript variation (Figure 58). 

 

Figure 58 ï Regional association plot for EBNA-1 and rs17564816 in YRI samples (left) and EBNA-2 and 

rs6492116 in CEPH samples (right). Only associations with p < 1E
-01 

are shown. 

 

 

YORUBA Panel LCLs 
      SNP Trait P-value Chr BP Gene Left Gene Right Gene 

rs16849795 EBNA-1 8.84E-08 3 1.41E08 CLSTN2 NMNAT3 TRIM42 

rs1317155 EBNA-1 1.92E-08 3 1.41E08 CLSTN2 NMNAT3 TRIM42 

rs16849869 EBNA-1 6.51E-08 3 1.41E08 CLSTN2 NMNAT3 TRIM42 

rs17564816 EBNA-1 5.23E-09 13 1.08E08 TNFSF13B ABHD13 MYO16 

rs17276586 EBNA-1 4.22E-08 16 81370274 CDH13 MPHOSPH6 HSBP1 

rs17192152 EBNA-1 7.40E-08 16 81376617 CDH13 MPHOSPH6 HSBP1 

rs8051326 EBNA-1 7.40E-08 16 81380213 CDH13 MPHOSPH6 HSBP1 
 

Table 11 - EBV eQTL results in the RNA-seq samples. Table presents most significant associations found at 

p<1E-
-07

. SNPs located no further away from each other than 200kb are color-coded. 

i) SNP ï statistically significant associations are listed by SNP in the first column.  

ii)  Trait ï lists the EBV latency transcript associated with a relevant SNP 

iii)  P-value ï reports the P-value of  the test statistic for a relevant association test 

iv) Chr ï gives the genomic location of a significant association by chromosome 

v) BP ï gives the genomic location of a significant association by base pair number 

vi) Gene ï reports the genomic location of the associated SNP by gene 

vii)  Left/Right Gene  ï lists the two closest genes flanking a given SNP 
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In the CEPH panel, a number of significant associations were found (summarised in Table 

12), including for EBER1 (Figure 59-61), EBNA-LP (Figure 62-63) and EBNA2 (Figure 64). 

Some identified genomic loci showed association with more than one EBV transcript.  

 

Figure 59 - LocusZoom regional association plot for CSMD1 and EBER1 in CEPH samples (SNP with lowest 

P-value indicated by purple diamond; r2 scale indicating the degree of LD between lowest P-value SNP and 

others in the upper right hand corner). Only associations with p < 1E
-01

 are shown. 

 

 

 

Figure 60  ï Regional association plot for EBER1 ad rs 1026894 (within SCN8A). Only associations with p < 

1E
-01

 are shown. 
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Figure 61 ï Regional associations of EBER1 and rs12251307 (within IL2RA) and proximal SNPs. Only 

associations with p < 1E
-01

 are shown. 

 

 

 

 

 

Figure 62 ï EBNA-LP and rs6532035 (SPP1) association in CEPH. Only associations with p < 1E
-01

 are 

shown. 
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Figure  63 - Regional association plot for rs1675521 (within GPR15) and EBNA-LP in CEPH samples; only 

associations with p < 1E
-01

 are shown. 

 

 

 

 

Figure 64 ï Association between EBNA-2 and rs10952491 locus (within DPP6). Only associations with p < 1E
-

01
 are shown. 
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Table 12 ï EBV latency eQTLs in the RNA-seq samples (at p<1E
-07

). 

i) SNP ï statistically significant associations are listed by SNP in the first column.  

ii)  Trait ï lists the EBV latency transcript associated with a relevant SNP 

iii)  P-value ï reports the P-value of  the test statistic for a relevant association test 

iv) Chr ï gives the genomic location of a significant association by chromosome 

v) BP ï gives the genomic location of a significant association by base pair number 

vi) Gene ï reports the genomic location of the associated SNP by gene 

vii)  Left/Right Gene  ï lists the two closest genes flanking a given SNP 

CEPH Panel LCLs
SNP Trait P-Velue Chr BP Gene Left GeneRight Gene

rs6788120 EBNA-LP 3.97E-08 3 99711169 OR5K2 CLDND1

rs1675521 EBNA-LP 3.97E-08 3 99728322 LOC100130963GPR15

rs1350790 EBNA-1 6.02E-08 3 99738082 GPR15 CPOX

rs9784358 EBNA-1 2.76E-08 3 99744348 GPR15 CPOX

rs9784358 EBNA-LP 5.54E-09 3 99744348 GPR15 CPOX

rs6532035 EBNA-LP 2.07E-08 4 89086985 HSP90AB3PSPP1

rs10029763EBNA-LP 2.07E-08 4 89087020 HSP90AB3PSPP1

rs796398 EBNA-1 8.24E-09 6 83113039 LOC100132659TPBG

rs796398 LMP-2A 9.28E-08 6 83113039 LOC100132659TPBG

rs770898 EBNA-1 2.71E-10 6 83122607 LOC100132659TPBG

rs770898 LMP-1 5.31E-08 6 83122607 LOC100132659TPBG

rs770898 LMP-2A 3.16E-08 6 83122607 LOC100132659TPBG

rs6930908 EBNA-1 2.71E-10 6 83123018 LOC100132659TPBG

rs6930908 LMP-1 5.31E-08 6 83123018 LOC100132659TPBG

rs6930908 LMP-2A 3.16E-08 6 83123018 LOC100132659TPBG

rs1570140 EBNA-1 2.71E-10 6 83129590TPBG LOC100132659TPBG

rs1570140 LMP-1 5.31E-08 6 83129590TPBG LOC100132659TPBG

rs1570140 LMP-2A 3.16E-08 6 83129590TPBG LOC100132659TPBG

rs9361923 EBNA-1 2.71E-10 6 83172329 TPBG UBE2CBP

rs9361923 LMP-1 5.31E-08 6 83172329 TPBG UBE2CBP

rs9361923 LMP-2A 3.16E-08 6 83172329 TPBG UBE2CBP

rs2208422 EBNA-1 6.47E-10 6 83175011 TPBG UBE2CBP

rs2208422 EBNA-LP 6.85E-08 6 83175011 TPBG UBE2CBP

rs3011889 EBNA-1 2.87E-10 6 83194997 TPBG UBE2CBP

rs3011889 LMP-1 5.98E-08 6 83194997 TPBG UBE2CBP

rs3011889 LMP-2A 3.74E-08 6 83194997 TPBG UBE2CBP

rs10952491EBNA-1 6.89E-10 7 1.54E+08DPP6 FLJ16734DPP6

rs10952491EBNA-LP 9.17E-11 7 1.54E+08DPP6 FLJ16734DPP6

rs17404676EBER1 4.41E-08 8 3968021CSMD1 MYOM2 LOC780813

rs2680611 EBER1 6.06E-09 8 3972317CSMD1 MYOM2 LOC780813

rs10905718EBER1 8.38E-08 10 6154862 IL2RA RBM17

rs12251307EBER1 8.38E-08 10 6163501 IL2RA RBM17

rs7100400 EBER1 8.38E-08 10 6164086 IL2RA RBM17

rs1026894 EBER1 3.84E-08 12 50305426SCN8A SLC4A8 LOC728522

rs17125925EBER1 8.45E-08 12 50308163SCN8A SLC4A8 LOC728522

rs1886195 EBNA-2 6.18E-08 13 1.08E+08 TNFSF13BMYO16

rs1886197 EBNA-2 6.18E-08 13 1.08E+08 TNFSF13BMYO16

rs6492116 EBNA-2 1.58E-08 13 1.08E+08 TNFSF13BMYO16
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3.7 Discussion 

 

3.7.1. LMP1A  eQTL 

The results of the experiment indicated no significant genetic regulatory effects of the SNPs 

within the tested region on the expression of 4 local genes. This was also the case with the 

candidate LMP1 eQTL (rs1913243). Only for CCR8, in samples derived from both normoxic 

and hypoxic conditions, did the putative eQTL come up as weakly associated with transcript 

abundance. The eQTL was in LD with some of the neighbouring SNPs however all had 

relatively low P-values. This might be indicative of association and worth further 

investigation using a larger sample and a denser SNP map updated from the 1000 Genomes 

project. Particularly that the association between changes in expression of some members of 

the CCR and CXCR family and EBV infection in B-cell lymphomas has been already 

observed (Nakayama 2002, Benned-Jensen et al. 2011, Deutsch et al. 2008).  

 

3.7.2. Latency eQTLs in the hypoxia study panel 

After quantifying 10 latency transcripts in the 58 YRI LCLs from the hypoxia study and 

testing for genome-wide association, a single eQTL candidate was identified significant for 

multiple latency phenotypes. The most consistent and statistically significant peak identified 

was within the SSH2 on chromosome 17. The peak consisted of multiple SNPs most of which 

were in high linkage diseqilibrium. Haplotype and LD structure analysis could be conducted 

to increase the power to detect potential causal allele, however the data may also need a more 

stringent normalisation than by using delta-Ct values on their own. Figures 24-25,34-25 and 

37-38 depict the associations as regional association plots and box plots. Genotypes of 
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multiple SNPs at this locus correlated with the EBER1, EBNA3C and LMP1 transcript 

variability.  

The SHH2 association can be explained by comparisons of levels of expression of the three 

genes grouped according to the genotype for the lowest P-value SNP. The associated 

sequence on chromosome 17 encompasses a broad fragment with several genes of interest 

and markers implicated in height and platelet volume by recent GWAS studies (Lango et al. 

2010 Soranzo et al. 2009). SSH2, located centrally, belongs to the fairly recently discovered 

family of slingshot phosphatases (Jung et al. 2007). It is involved in dephosphorylation of 

cofilin, which changes actin cytoskeleton during mitosis (Kligys et al. 2007). Slingshot 

phosphatases may therefore play a critical role in animal cytokinesis (Kaji et al. 2003). 

CCDC55 is a recently described novel mRNA splicing regulator (Kim et al. 2011). Like 

SSH2, CCDC55 and its neighbour EFCAB5 have been recently annotated and their function 

has still not been well described (Cheung et al. 2012 Roehl et al. 2010). Their sequences 

appear to be conserved across mammalian species and form an extended run of homozygosity 

(Cheung et al. 2012 Roehl et al. 2010). GIT1 is an intracellular scaffolding protein that 

interacts with a range of proteins including those involved in the MAP kinase pathway, such 

as MEK1 and ERK1/2 and is involved in diverse processes, including agonist-coupled 

receptor endocytosis and focal adhesion assembly (Hartford et al. 2009). Consequently the 

genes of interest are either poorly described or have broad functions and there seems to be no 

specific functional background which could link these proteins to particular viral latency 

transcripts. Association between EBNA-2 and SNPs located proximal to ASAP1 appears 

interesting because of the MS context, however lacks a discrete association peak.  

Among other functions, ASAP1 has been implicated in remodelling of actin cytoskeleton 

(Randazzo et al. 2000, Bharti et al. 2007). This functional background is also shared by genes 
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associated with other candidate eQTLs, namely SSH2 and GIT1 (Kligys et al. 2007, Turner et 

al. 2001). 

The Mohr study LMP1 eQTL SNP rs1913243 was not significantly associated with 

expression levels of the latency transcripts tested. 

 

3.7.3 Latency eQTLs in the MRC-A panel 

Out of the significant candidates with MAF exceeding 0.05, eQTL in the region of the 

RASGEF1A and FKBP6 genes appeared most interesting, especially as the SCAN database 

identified the associated SNPs as eQTLs for genes with risk loci to EBV-related autoimmune 

diseases (SLE, MS) or lymphoma-relevant genes. This appeared unusual given the small 

number of significant associations. 

 RASGEF1A, expressed mostly in CNS, is involved in G protein signalling and transcriptional 

regulation and has been reported to interact with K-RAS, H-RAS, and N-RAS signal 

transduction in vitro, which might indicate it upregulates the Ras GTPases (also modulated 

by LMP2A) and thus influences cellular growth and survival. In vitro suppression of 

RASGEF1A by small interfering RNA (siRNA) slowed the development of 

cholangiocarcinoma (Ura et al. 2006). Gain of RASGEF1A and its overexpression was also 

reported in cases of testicular embryonal carcinoma (Gilbert et al. 2011). More importantly 

one of the SNPs most significantly associated with EBNA1 levels, has previously been 

identified as an eQTL for CD83 cell surface receptor and a member of the immunoglobulin 

superfamily known to be involved in EBV transformation and upregulated by viral LMP1 

oncogene in infected B-cells (lymphoblasts) (Dudziak et al. 2003). CD83 is a marker of 

mature dendritic cells but it is also expressed by activated lymphocytes, mononuclear cells 
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and neutrophils (Dudziak et al. 2003, Pan et al. 2006, Ehlers et al. 2013). It is thought to have 

pleiotropic effects, including activation of naïve T-cells and helper T- cells, naïve B-cell 

activation, and play important role as one of  immune response regulators, however its 

precise functions, ligands and transcriptional regulation remain unknown (Ehlers et al. 2013, 

Stein et al. 2013). 

Another significant association, rs17339199, was located within FKBP6, and correlated with 

EBNA3A transcript levels. FKBP belongs to the family of immunophilins involved in protein 

folding and cell signaling, and homologous chromosome pairing in meiosis during 

spermatogenesis (Crackower et al. 2003). It is expressed in all tissues, but present at highest 

level in testis, liver, kidney, skeletal muscle and heart. Mutations in this gene have been 

associated with male infertility in humans (Zhang et al. 2007). FKBP6 is one of 25-28 genes 

deleted in Williams syndrome. Its methylation has been reported to be higher in malignant 

cases of cervical cancer and also to correlate with the stage of breast cancer (Fujikane et al. 

2010, Brebi et al. 2013). SCAN indicated that the SNP is also eQTL for proinflammatory IL-

12B. IL-12B is produced by immune systemôs non-T antigen presenting cells, encodes a p40 

subunit common to IL-12 and IL-23 and stimulates the differentiation of T helper cells and 

secretion of interferon-ɔ (IFN-ɔ) by T and natural killer (NK) cells (Yilmaz and Yentur 

2005). This gene has been associated with a wide range of diseaes. Polymorphisms in IL12-B 

causing lower expression have been reported to correlate with disease outcome in hepatitis C 

virus infection (Houldsworth et al. 2005). Variants within the gene were also associated with 

risk of breast cancer NPC and MS (Wei et al. 2009, Kaarvatn et al. 2012, Varade et al. 2012, 

Sawcer et al. 2011). Also variants within IL-12A were confirmed to be associated with higher 

risk of MS (Sawcer et al. 2011). Cytokine gene polymorphisms, for instance IL-10, are 

associated with susceptibility to, and reactivation of EBV (Nakai et al. 2002). Different levels 

of IL-12 expression were linked to increased lytic replication in LCLs (Arvey et al. 2012). 
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Higher IL-12 levels were reported in the sera of tonsillar tissues of IM patients (Nakai et al. 

2002). Also EBV DNA load in serially collected PBMCs from patients with primary EBV 

infection correlated with levels of IL12 in several cases, which indicated that it might be 

influencing the kinetics of EBV DNA load in IM patients (Nakai et al. 2002). Significant 

differences in IL-12B expression were observed in Hodgkin lymphoma patients and their 

healthy co-twins (Cozen et al. 2009). Overall, the joint EBNA3A and IL12-B eQTL appears 

to be an interesting candidate particularly because of direct links to EBV infection, B-cell 

immune response as well as presence of risk loci for autoimmune and lymphoid disorders. 

Unfortunately, the association consisted of a single solitary SNP.  

The third candidate, rs12660137, was located approximately 20-25kb in between C6orf52 

and GCNT2, was found to be associated with EBER-1 transcript levels. A search through 

public eQTL databases indicated that the SNP has also been associated with the tumour 

necrosis factor receptor superfamily member 1B (or TNFRSF1B) expression levels. This 

tumour necrosis factor receptor mediates the effects of TNFa signaling by activating 

intracellular NF-əɓ(similarly to LMP1 signalling) and multiple inflammatory pathways 

(Albagha 2002,Medrano et al. 2014).  Polymorphisms in this receptor may be affecting the 

binding efficiency of TNF and affect its outcome (Medrano et al. 2014). Most interestingly a 

polymorphism in this gene has been associated with SLE risk in a cohort of 81 Japanese 

patients with SLE and 207 healthy individuals by candidate-gene study (Tsuchiya et al. 

2001). This association has not been replicated by a more case-control candidate-gene study 

relying on Caucasian cohorts (Tsuchiya et al. 2001). Another candidate-gene case control 

study conducted in 1006 White parients with Coronary Artery disease and 183 healthy 

controls  found significant association for a TNFRSF1B marker ( P-value of 0.00000069) 

conluding that genetic variation within the gene may predispose to the disease (Benjafield et 

al. 2001). Finally, a similar study in 42 parients with Polycystic Ovary syndrome and 36 
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controls from Spain claimed an association with a CA-repeat microsatellite polymorphism 

within TNFRSF1B (P-value < 0.03; Peral et al. 2002). Additionally a study which applied 

pathway analysis to SNPs derived from a publicly available MS GWAS dataset 

(NCBI dbGap at http://www.ncbi.nlm.nih.gov/gap) by integrating linkage disequilibrium 

(LD) analysis, functional SNP annotation and pathway-based analysis (PBA), has proposed a 

possible link to Multiple Sclerosis (Song et al. 2013). Also polymorphisms in TNFRSF1A 

have been associated with MS risk (Sawcer et al. 2011), and variation in another protein from 

the same family, TNFRSF19, was liked to NPC risk (Hildesheim and Wang 2012). 

Another suggestive association for the EBER1 transcript level was present on chromosome 

16 and resulted in a clear association peak within the ORF of the RNA binding protein 1 

RBFOX1 ï a protein moderating neuronal excitation in mammalian brain (Gehman et al. 

2011). The RNA binding proteins regulate alternative splicing in the nervous system however 

little is known about RBFOX1 interactions (Weyn-Vanhentenryck et al. 2014). Disruption of 

Rbfox1 has been implicated in autism (Weyn-Vanhentenryck et al. 2014). A suggestive 

association for EBER2 was in DCC, a tumour suppressor gene deleted in colorectal and 

gastric cancers (Kataoka et al. 2000). Interestingly the most significant SNP within the peak 

has been indicated by the eQTL databases to be associated with transcription of over 10 

human genes including SMC5, participating in DNA break repair (Gallego-Paez et al. 2014).  

 

3.7.4 Latency eQTLs in the RNA-seq panels 

Analysis of the latency transcripts quantified by Arvey et al. (2012) in Caucasians from Utah 

(CEPH) and Yoruba Africans yielded a number of significant associations. This number was 

even higher than in case of MRCA panel, most likely because no normalisation had been 

applied. For EBNA1, associations in YRI involved SNPs in the region of CLSTN2, CDH13 

http://link.springer.com/search?dc.title=NCBI&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
http://www.ncbi.nlm.nih.gov/gap
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and TNFSF13B. Some regions harboured significant associations in both the Yoruban and 

CEPH. These included SNPs located within or proximally to TNFSF13B, as well as CSMD1 

although in the latter case a solitary lytic transcript association was present in YRI samples. 

CLSTN2 encodes a synaptic protein called calsyntenin 2, which is predominantly expressed 

in the CNS as components of the postsynaptic membrane and play a role in postsynaptic 

signalling (Preuschhof et al. 2010); while CDH13 encodes cadherin-13, a member of the 

cadherin family proteins, which span the membrane enabling cell adhesion. Non-synonymous 

mutations of CLSTN2 has been reported for cases of gastric cancer (Majewski et al. 2013); 

however there has been no causal involvement proposed. The gene is predominantly 

expressed in the brain however also in bone marrow, tonsils and in a Burkittôs lymphoma 

Daudi cell line, and thus it has been suggested it might have an immunological function 

(Mero et al. 2013).  

Methylation or decreased expression of CDH13 was shown in cases of solid tissue cancer 

including breast, lung, colorectal, cutaneous squamous cell carcinoma and NPC (Sun et al. 

2007 Takeuchi et al. 2002 Toyooka et al. 2002), and it has been suggested it may act as 

tumour suppressor (Toyooka et al. 2002). The gene is silenced by LMP1 signalling in NPC 

cell lines through methyltransferases DNMT1, DNMT3A, and DNMT3B and a similar 

phenomenon has been observed in endothelial cells infected with KSHV (Leonard et al. 

2014, Leonard et al. 2012, Paschos and Allday 2010). However there is no direct link 

between CDH13 and disorders of the lymphatic system or EBV infection.  

Solitary associations were present within TNFSF13B, a member of the tumor necrosis factor 

(TNF) superfamily. This gene encodes a ligand, promoting B-proliferation and facilitates the 

activation of immune response.  It is involved in BCR signalling and therefore plays a role in 

the vital pathway hijacked by LMP2 oncogene (Vockerodt et al. 2013). TNFSF13B acts as a 
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ligand for three TNF-like receptors which are present on B cells (Salzer et al. 2005). Its 

polymorphisms have been associated with both autoimmune (RA and SLE, common variable 

immunodeficiency) and lymphatic disorders (B-cell non-Hodgkinôs lymphoma) (Kawasaki et 

al. 2002, Salzer et al. 2005).  Transgenic mice models harbouring TNFSF13B mutations have 

elevated levels of mature B and effector T cells, and develop symptoms resembling 

autoimmune disease (Mackay et al. 2009). Also, high levels of the ligand are associated with 

chronic lymphocytic B-cell leukemia and polymorphisms in TNFSF13B promoter (Novak et 

al. 2009). This makes it an interesting candidate since it is connected to the broad scope of 

disorders in which EBV plays a role of a co-factor. In addition, its function is utilised by the 

virus during transformation (Latency III) and it is upregulated by the EBNA3C latency 

protein (Zhao 2011). The associated SNPs clustered either in the middle intronic part of the 

geneôs ORF (in Yoruban samples) and reveal correlation to EBNA-1 levels, or (in CEPH 

samples) are located less than 200kb downstream of the ORF forming a peak of 3 SNPs 

above the suggestive threshold of 1*10-5. In CEPH they are correlated with the levels of 

EBNA-2 (but also a lytic protein BHRF1). 

Association tests in the Caucasian LCLs resulted in 7 other significant associations. One of 

them involved SNPs correlated with EBER1 levels, located within CSMD1, CUB and Sushi 

multiple domains-1, expressed in brain and epithelial tissues (Kraus et al. 2006). This locus 

also appeared to be significantly associated to a lytic transcript, BZLF1, in both the CEPH 

and the Yoruban individuals (in addition to EBER1 in the latter). Only a solitary SNP, 

downstream of CSMD1, appeared significantly associated with BZLF1 levels in the Yoruban 

LCLs, while three SNPs associated with BZLF1 in CEPH samples were located within the 

ORF of CSMD1. CSMD1, has been linked to a range of disorders including schizophrenia 

(Rose et al. 2013, Steen et al. 2013, Donhoe 2013) and MS (Baranzini et al. 2009). Its link to 

MS however has not been replicated in the more recent study (Sawcer et al. 2011). This is a 
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recently described gene whose function is poorly understood, but it is thought to play a role 

in neurodevelopmental disorders affecting cognition (Rose et al. 2013) but has also been 

linked to cancer (Shull et al. 2013). Only two studies investigated CSMD1 function, 

suggesting it may act as tumour suppressor or play a role in the immune systemôs 

complement cascade by tagging pathogens for elimination (Distler et al. 2012, Havik et al. 

2011). It is worth noting that CSMD1 and proximal sequences contain over significant 20 

markers from multiple GWA studies.  

In CEPH LCLs, an interesting significant association was found between EBER1 and 

rs12251307 (P-value 8.38E-08) (Figure 61). The same variant has been found to be 

associated with the risk of type 1 diabetes in a case-control study based on 7,514 cases and 

9,045 controls (P-value 1E-13) and another one with 3,561 cases, 4,646 controls (Barrett et 

al. 2009 Cooper et al. 2008). The reported gene, IL2RA, encodes interleukin 2 receptor alpha 

displayed on the surface of immune cells. Interestingly variants of the gene have been 

associated with increased risk of MS by the most recent GWAS (Sawcer et al. 2011) and 

replicated in an independent study (Rubio et al. 2008). Very recently, another study reported 

that variants in IL2RA increase the risk of MS even further when combined with Human 

herpesvirus 6 (HHV-6) infection and specific HLA haplotypes (Rahal et al. 2014). One of the 

MS-associated SNPs, rs7090512, is located approximately 10kb away and also downstream 

of the gene. However it is more proximal to its ORF. The other is further upstream, within 

IL2RAôs ORF, close to other markers associated with increased risk of RA (Stahl et al. 2010, 

Orozco et al. 2014). The numerous associations highlight important role of the gene in 

immune response. Interleukin 2 stimulates T-cell proliferation, survival and differentiation 

and its receptor is an important marker of CD4+ CD25+ regulatory T cells, characterised by 

FoxP3 expression, that ward the organism against autoimmunity (Takahashi et al. 2002).  
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In CEPH samples the association test revealed two candidate EBNA-LP eQTLs located close 

to SPP1 (Figure 62), a protein known to upregulate the viral Cp/Wp promotors and 

speculated to bind EBNA1 (Arvey et al 2012; Lu et al 2011).  A potential EBNA1 eQTL was 

located close to GPR (Figure 63), one of co-receptors which can be utilised by human and 

simian immunodeficiency viruses for entry, along with other transmembrane receptors, 

including CCR and CXCR family (Titti et al. 2002). Also SNPs in SCN8A (Figure 60) 

correlated with EBER1 levels. SCN8A is a gene expressed in the CNS and encodes a sodium-

channel structural protein whose mutant has been implicated in epileptic encephalopathy 

(Burgess et al. 1995, Veeramah et al. 2012). Among other associations found in CEPH were 

variants in DPP6 (Figure 64). Both EBNA-LP and EBNA2 transcripts were significantly 

correlated with the genotype of a single SNP in DPP6. DPP6 is expressed in brain and its 

product, Dipeptidyl aminopeptidase-like protein 6 is responsible for modulating the 

biophysical properties of voltage-gated potassium channels (van Es et al. 2008). Variants in 

the gene have been associated to susceptibility to amyotrophic lateral sclerosis, a 

neurodegenerative disorder, in European populations (van Es et al. 2008).  

In CEPH samples, four transcripts EBNA1 EBNA-LP LMP1 and LMP2A were correlated 

with SNPs within and proximal to TPBG on chromosome 6 (Appendix Figure A4). TPBG, or 

trophoblast glycoprotein (also known as 5T4) is a transmembrane protein whose functions are 

poorly understood, although it is expressed at high levels in placenta and in most common 

tumours, including 80% kidney, breast, colon, prostate, and ovary carcinomas which makes it 

a good diagnostic marker (Zhao and Wang 2007). It has also been shown to be significantly 

upregulated in LCLs (Baik et al. 2007). 
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3.8 Conclusion 

In summary, the eQTL assays yielded no consistent genome-wide significant associations. 

This suggests that the results should be interpreted with caution as the current studyôs small 

sample size is a serious limiting factor. Only the familial MRC-A panel samples exceeded 

100 individuals. Although family-based cohorts have been suggested as a suitable method of 

replication for the population-based GWA studies, they provide comparatively less power to 

detect significant associations (Benyamin et al. 2009).   

However several MRC-A-derived associations appear suggestive, in particular SNPs in the 

region of RASGEF1A and RBFOX1, linked to EBNA1 and EBER1 respectively, however no 

immediate relevance to EBV infection and disease is evident. The EBV expression data 

sourced from the RNA-seq studies provided interesting results. It is worth noting that the two 

associations to the same loci (although not involving same SNPs) in both CEPH and YRI 

samples cantered on a gene implicated in immune response (TNFSF13B) and another gene 

previously considered to contain risk locus for an EBV-related autoimmune disease 

(CSMD1). The potentially most interesting finding is the significant association to a type 2 

diabetes risk marker downstream of IL2RA. The significance of this finding is highlighted 

particularly by the context of several MS and RA GWAS risk located downstream and within 

IL2RA as well as its function in regulating T-cell immune response and maturation. However, 

the significance of the findings obtained with the RNA-seq samples is undermined by the 

lack of normalisation which will be necessary in future meta-analysis. 
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Chapter 4. EBV copy number QTLs 

 

4.1 Introduction 

EBV copy number is an important factor correlated with severity and predicting the outcome 

in many EBV-positive lymphomas (Hohhaus et al. 2011, Baldanti et al. 2000, Smets et al. 

2002, Balandraud et al. 2003). Additionally viral copy number may be directly responsible 

for the severity of acute and chronic IM (Hadinoto et al. 2008, Maeda et al. 2006, Thorley-

Lawson 2001) and therefore may be influencing the course of other lymphoproliferative 

disorders. Although direct causality for any disorder has not been established, there is 

evidence that viral load in LCLs is partly genetically determined (Caliskan et al. 2011). A 

study of viral copy number QTLs and their overlap with known disease risk loci could shed 

more light on the role of the virus in EBV-positive disease aetiology. 

Genetic determinants of EBV viral load were investigated using a publicly available dataset 

of quantified relative EBV copy number across a panel of 172 LCLs from the HapMap CEPH 

and Yoruban collections (Choy et al. 2008). In the second part of the experiment, EBV load 

was quantified across 414 LCLs from the four European Human Variation panels of the 1000 

Genomes Project and calibrated using serial dilutions of Namalwa cell line gDNA.  

 

4.2 Aims of the chapter 

1. To map EBV copy number as a quantitative trait using samples from the Choy et al. study. 

2. To quantify and map EBV copy number using gDNA sourced from the British, Finnish, 

Iberian and Italian 1000 Genomes LCLs. 
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4.3 Mapping EBV copy number QTLs in HapMap LCLs 

In late 2008 Choy et al. published a study on drug response in a set of Yoruban and 

Caucasian LCLs from the International HapMap Project (Phase 3 genotypes), in which EBV 

copy number was quantified as a potential confounder of global gene expression results 

(Choy et al. 2008). EBV load was determined using custom TaqMan assays targeting a 

sequence from the viral DNA polymerase gene, and the relative copy number data was made 

publically available (Choy et al. 2008). The scope of the study did not encompass EBV QTL 

identification and, consequently, the public EBV expression database provided a means to 

expand the current search for viral copy number QTLs onto independent cohorts. 

 

Quality Control  

EBV copy number data quantified by Choy et al. (2008) was obtained from Broad Instituteôs 

website (http://www.broad.mit.edu/mpg/pubs/hapmap_cell_lines/). The database includes two 

datasets for the same set of LCLs, each containing log-transformed EBV relative copy values 

measured at two different stages of the experiment (cell line expansion phase, and main 

experiment conducted on mature cell lines) as well as a third, smaller dataset sourced from a 

ñreplicateò batch of chosen mature LCLs. The EBV copy number has been transformed by 

Choy et al. (2008) by subtracting the Ct of an internal reference housekeeping gene (NRF1 

locus targeted by a 90 bp TaqMan assay) to obtain delta-Ct values (equivalent to log-

transformation). Both mature LCL datasets were used in the analysis. According to Choy et 

al. (2008) the dataset was restricted to (nominally) unrelated individuals only. No further 

phenotype data transformation was conducted. 5*10-8, a standard genome-wide significance 

threshold adopted in GWAS studies, was set as the P-value threshold for associations in the 

current experiment. 

http://www.broad.mit.edu/mpg/pubs/hapmap_cell_lines/
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Results 

Relative EBV copy numbers were sourced for 73 CEPH Caucasian and 78 Yoruban 

individuals from the Broad Instituteôs website and GWAS tests performed using PLINK (--

assoc function, MAF>5%, 10% for individual/SNP missing rate, HWE P-value<1x10-10). The 

results are displayed in the plots below (Figures 65-68). Only a single SNP (rs10170606 on 

Chromosome 2) reached the genome-wide significance threshold with a P-value of 9.35E-09 in 

the Yoruban population (Figure 66). The SNP, however, was not part of a larger association 

peak and is located within an intergenic region on chromosome 2, not immediately associated 

with any gene (Figure 67). There is no known function of rs10170606. A clear, however 

statistically not significant, peak was located on chromosome 5 and encompassed CDH12, a 

type II cadherin (Figure 68).  

 

 

 

Figure 65 ï EBV copy number whole genome association (73 CEPH Caucasians); Chromosome displayed 

along the X axis; Chr 23 and 24 denote X and Y chromosomes respectively; -log10 P-values displayed on the Y 

axis. 
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Figure 66  - EBV copy number whole genome association (78 Yorubans) Chromosome displayed along the X 

axis; Chr 23 and 24 denote X and Y chromosomes respectively; -log10 P-values displayed on the Y axis. 

 

 

 

 

Figure 67 ï EBV copy number whole genome association ï HaploView regional plot of chromosome 2 (78 

Yoruban cell lines). 
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Figure 68 ï Regional plot of EBV copy number with rs4489023 (red diamond) and proximal SNPsô (squares) 

within CDH2 ORF genotypes found in 78 YRI samples. LD indicated by shades of red and r-squared scale in 

the upper right corner. 

 

The EBV relative copy results were not replicated in the second, smaller replicate dataset 

from cell lines grown by Choy et al. (2008) for the purpose of intra-experimental copy 

number variation assessment. No genome-wide significant associations or suggestive 

association peaks were found (data not shown). Pooling the samples together, although 

technically not correct, did not provide significant associations either. 

 

4.4 EBV copy number QTL analysis in 1000 Genomes LCLs 

Genomic DNA sourced from 414 LCLs from the 1000 Genomes Project was obtained from 

Coriell Instituteôs Cell Repositories and assayed for EBV copy number using an established 

technique (Caliskan et al. 2011). Briefly, pre-designed TaqMan probes targeting viral IR1 

region were used to quantify viral DNA in LCL gDNA samples with concentration 

normalised to 100ng/ul using Qubit. The relative copy number was then calibrated using a 
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standard curve prepared from serial dilutions of gDNA sourced from the BL Namalwa cell 

line containing 2 integrated EBV copies per cell (two EBV genomes per single human diploid 

genome). Namalwa gDNA stock solution was also normalised to a concentration of 100ng/ul 

using Nanodrop. The tested cohort encompassed all of the European samples from the 

Human Variation panel representing the Finnish, British, Italian and Iberian populations.  

 

Quality Control  

Related individuals including were removed from the analysis manually. The 1000G samples 

used for the purpose of this study had been provided with the information on cryptic and 

unexpected relationships, and 2nd as well as 3rd order relations have been singled out in the 

1000G sample spreadsheet available for download from the 1000G website. There were two 

such pairs (one of a 2nd order and one of 3rd order) in the current experimental dataset and one 

individual from each pair was removed from further analysis. Some 1000G genotypes were 

not available for a subset of Iberian and British samples at the time of the experiment and 

these samples had to be excluded from the test as well. The qPCR assay had been conducted 

in duplicate reactions, and whenever the resulting Ct value SD exceeded 1.5 a repeat 

triplicate reaction was carried out. Samples whose Ct SD exceeded 1.5 repeatedly were 

removed from further analysis. After QC, 287 samples remained available for statistical tests 

(over 100 had to be excluded due to missing genotypes at the time). Before the analysis, the 

relative EBV copy number values were log-transformed and tested for association using 

PLINK ïassoc linear 2 degrees of freedom co-dominant model (MAF > 0.01; 0.1 missing 

rate, P-val HWE<0.001). Other phenotype data transformations were also considered (Figure 

69). 
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Figure 69 ï Distribution of the EBV copy number shown as (left to right) Ct values, log-relative copy number 

(gDNA per cell read from the Namalwa gDNA calibration curve), Quantile-normalised relative copy number, 

delta-Ct values. 

 

Figure 69A ï Distribution of the EBV absolute copy number per cell obtained using the method of Caliskan et 

al. (2011) with Namalwa gDNA calibration curve and conversion factor of 6.6 pg DNA per diploid genome. 

 

The log-transformation was chosen because it provided three interesting candidates, while 

quantile normalisation generally reduced the overall significance level of all associations to 

below 1*E-06 and 1*E-05 genome wide, forcing the association peaks onto the same level as 

background solitary ñnoiseò associations (Figure A6). Before the tests, PCA was conducted 

and the test repeated 10 times, each time with a set of 1 to 10 PCs used as covariates as 

means to control for population structure and potential remaining cryptic relatedness as well 

as batch effects. No PC correlated with any known variable (population, cDNA plate, qPCR 
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plate, sex) and using no covariates gave the most significant results, which are summarised in 

Table 13. As an additional control and to ensure the good quality and consistent levels of the 

tested gDNA, TaqMan RNase P Detection assay was run on each plate. 

 

Results 

Only a single SNP (rs190636588) on chromosome 14 was associated with viral copy number 

at genome-wide significance (Figure 70).  

 

Figure  70 ï Chromosome 14 EBV copy number associations; negative log of the P-value indicated on the X-

axis. 

 

rs190636588 is located in a gene desert with the nearest gene RPS29 located 150kb 

downstream. A number of other suggestive associations was noted, including two on 

chromosome 17 and 19 (Figures 71-74). The association peak on chromosome 17 was located 

within an intergenic region, approximately halfway between the potassium channel 

tetramerization domain containing 2 (KCTD2) ORF and solute carrier family 16 

(monocarboxylate transporter) member 5 (SLC16A5) gene.  
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Figure 71  ï Chromosome 17 EBV copy number associations; negative log of the P-value indicated on the X-

axis. 

 

Figure  72 ï  Regional association plot showing EBV copy number association with rs4513132 and the 

SLC16A5 locus. 

 

The association on chromosome 19 involved multiple SNPs located within LTBP4 gene. 

LTBP4 encodes transforming growth factor beta (TGF-ɓ) binding protein. 

 



148 
 

 

Figure 73ï Chromosome 19 EBV copy number associations; negative log of the P-value indicated on the X-

axis. 

 

 

Figure 74 ï  Regional association plot showing EBV copy number association with rs11668582 and the LTBP4 

locus. 

In addition, association was seen for a genomic region on chromosome 5 with 15 SNPs 

associated with EBV copy number (Figure 75-76).  
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Figure 75 ï Plot showing chromosome 5 and EBV copy number associations, with the PRDM9 association 

peak; negative log of the P-value indicated on the X-axis 

 

The SNPs are upstream of PRDM9, a gene that encodes a zinc-finger DNA-binding protein 

expressed by germline cells and controlling meiotic recombination (Myers et al. 2010, Baudat 

et al.2010). 

 

Figure 76 ï A regional association plot showing SNPs in the PRDM9 locus and EBV copy number 

associations. 


