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Abstract

Micro-RNAs (miRNAs) are a class of non-coding RNA which post-transcriptionally regulate
gene expression. Epstein-Barr Virus (EBV) can transform resting B-cells in vitro to establish
continuously proliferating lymphoblastoid cell lines (LCLs) and is aetiologically linked to
certain lymphomas. Little is known about the contribution of miRNAs to the transformation
of B cells. We initially examined the regulation of the oncogenic miR-155, which is highly
expressed in Hodgkin’s lymphomas but was reportedly absent in Burkitt’s lymphoma. We
found that miR-155 was up-regulated by EBV-LMP1 expression, and that a reported defect of
miR-155 processing in Burkitt’s lymphoma was a misinterpretation of data. Next, to identify
cellular miRNAs and genes modulated during EBV-induced transformation, we compared the
expression profiles of resting B cells and B cells either infected with EBV or stimulated to
proliferate with CD40L and IL4. This revealed that a large proportion of miRNAs and genes
differentially regulated by EBV and not by CD40L/IL4 were modulated by EBV interaction
with its CD21 receptor complex, but these changes were maintained or amplified in LCLs;
and included a set of tumours suppressor genes selectively down-regulated by EBV. In
addition, bioinformatics analysis indicated that EBV modulates the expression of multiple

miRNAs predicted to target the same cellular genes.
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Introduction

1. Introduction

1.1 Epstein-Barr virus (EBV) history

Epstein-Barr virus was identified in 1958 following the observation by surgeon Dennis
Burkitt that a common childhood cancer in equatorial Africa was endemic to areas with
specific climatic conditions and geographical locations [1]. This led him to hypothesise that
the cancer may be caused by an insect-borne vector [2]. Using electron microscopy it was
subsequently shown by Epstein, Anchong and Barr, that herpesvirus-like particles existed in a
cell line established from a Burkitt lymphoma (BL) biopsy [3]; and formal identification of a
new herpesvirus followed in 1965 [4]. Whilst this discovery was consistent with the
hypothesis of an insect-borne infectious agent, it later transpired that it was not EBV itself
that was carried by the insect but another co-factor in the development of BL, the malaria
plasmodium falciparum parasite [5, 6]. Serological assays against the viral capsid antigen
(VCA) were developed and indicated that greater than 90% of the adult population had
antibodies against EBV and that the virus was associated with infectious mononucleosis (IM)
[7, 8], which is now known to be a clinical manifestation of primary EBV infection. The
growth transforming properties of EBV were identified after the virus was shown to induce
proliferation in peripheral blood leukocytes in vitro and induce tumours in non-human
primates [9, 10]. Thus, EBV was the first virus associated with the pathogenesis of a human

cancer, establishing it as a ubiquitous oncogenic herpesvirus.
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1.2 Classification of EBV

EBV (also known as human herpesvirus 4 (HHV4)) is a member of the Herpesviradae family
[11]. This viral family is sub-divided into alpha, beta and gamma members based on genome
homology. EBV is a member of the gamma sub-family which is further divided into two
genera: gamma 1, also known as lymphocryptoviruses (LCV), and gamma 2, also known as
rhadinoviruses. EBV is the prototype LCV and the only human virus of this genus. LCVs are

exclusively found in primate species and are predominantly B lymphotropic.

1.3 EBV structure

EBV has a glycoprotein (gp)-rich envelope which surrounds a nucleocapsid composed of 162
capsomers and a protein tegument. The nucleocapsid encases a 184 kilobase pair (kbp) linear,
double-stranded DNA genome wrapped around a toroid-shaped protein core [4, 12]. The
genome is divided into short and long, largely unique sequence domains (US and UL) by
reiterated 3kbp internal direct repeats (IR1) [13, 14]. The ends of the linear genome are
flanked by 4-12 copies of tandem, reiterated, 500bp direct repeats called terminal repeats
(TRs), which enable circularisation of the viral DNA into episomes [15-17]. The number of
TRs can be an indicator of clonality as the precise number of TRs is determined during viral
replication; therefore all EBV latently infected progeny cells will contain the same number of

TRs as the originally infected parental cell [18].

EBV was the first herpesvirus to have its genome cloned and sequenced [19-21]. This was
achieved using BamHI (and EcoR1) restriction fragments from the B95.8 EBV strain, which
consequently defined the nomenclature used to describe the viral genome [19]. BamHI

fragments were assigned a letter from A-Z in descending order of size. Open reading frames
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LMP1 LMP2A/2B

EBNA-LP

EBNA2

EBNA1

EBNA3C ‘

EBNA3B
EBNA3A

Figure 1.1: Schematic map of the EBV genome divided into BamHI digest fragments.
Arrows represent the latent promoters, filled boxes represent the genes encoding the latent
proteins and EBERS. Grey boxes represent the terminal repeats (TRS)
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(ORFs) were stated relative to their BamHI fragment, direction of transcription and position
relative to other ORFs located on the same fragment. For example: BHRF1 is located on the

BamHI H fragment, in the first rightward open reading frame.

All EBV strains have essentially the same genome organisation and most of the sequences are
highly conserved. However, the two main subtypes of EBV, type 1 and type 2, differ
primarily in the genes encoding the nuclear antigens (EBNAs) —LP, 2, 3A, 3B and 3C [22,
23]. The origins of the sequence variations between type 1 and type 2 EBV in EBNA2 and the
EBNA3A, B and C antigens remains a mystery, with predicted differences in amino acid
sequences of 47%, 16%, 20% and 28% respectively [24]. The two EBV subtypes can be
further subdivided into different EBV strains according to local changes at polymorphic sites,
such as the number of repeat sequences in several of the latent genes [25]. Many of the local
polymorphisms distinguish between EBV strains of different geographical origin, consistent
with a slow evolutionary drift of the virus in physically separated human populations. Type 1
EBV is epidemiologically dominant, except in areas endemic for BL (equatorial Africa and

New Guinea) where infection with type 2 EBV is almost as prevalent as type 1 [26-31].

1.4 EBV tissue tropism

EBV is a B lymphotropic virus and its ability to effectively target B cells is determined by the
expression of the C3d complement component receptor, CD21; this is the major viral receptor
and it is widely expressed on B cells but its expression is lost upon terminal differentiation
[32-35]. Thus, EBV is able to bind to and infect B cells at most stages of development with
the exception of plasma cells. Infection of B cells is generally ‘non-productive’ for lytic virus

replication, or ‘latent’, although lytic infection can occur in B cells [36]. There is also
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evidence of rare lytic replication in mucosal epithelial cells of non-immuno-compromised
patients [37]. The ability of EBV to infect CD21-negative epithelial cells is evident from the
association of EBV with nasopharyngeal carcinoma (NPC) [38] and is supported by in vitro
experiments which have demonstrated that EBV bound to the surface of B cells can
efficiently infect epithelial cells by a process termed transfer infection [39, 40]. In addition, it
is apparent from the broad range of malignancies associated with EBV that the virus is
capable of infecting other cell types, including T cells [41] and natural killer (NK) cells [42,
43]. The degree to which CD21 negative epithelial, NK and T cells are normally infected in
vivo, in the healthy immunocompetent host, and what role, if any, they play in the course of

EBV infection and persistence is not clear.

1.5 Alternate patterns of latent infection

There are four well characterised patterns of EBV latent gene expression, latency Ill, 11, | and
0. Figure 1.2 is adapted from Fields Virology [44] and shows the distinct patterns of viral
gene expression observed during latency. The four latency states of EBV are not prescriptive
as EBV latent gene expression in tumours can be variable and may not strictly adhere to any

of the four categories of viral latency [45, 46] .
1.5.1 Latency 11l

Infection of resting B cells in vitro results in a pattern of viral latent gene expression termed
latency I11. This pattern of viral gene expression involves the expression of 9 or more latent
genes encoding: each of six nuclear antigens, EBNAs 1, 2, -LP, 3A, 3B and 3C from the viral
promoters Cp or Wp; the three latent membrane proteins (LMPs) 1, 2A and 2B are expressed

from their own promoters. In addition, the RNA polymerase I11-driven non-coding
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EBNA2 EBNA1 LMP2A TR
EBERs EBNA-LP EBNA 3A 3B 3C BamA  |LMP1 | LMP2A28
P |
—{— O H m
Latency i CoWp eanatp  EBNA2 r/\“mm
EBERs EBNAT B
EBNA3A 3B 3C miRs
LMP1 LMP28B
Latency |
Qp
EBERs EBNA1 BA%TS
MIRS

Latency Il
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E D\/\. LMP2A

LMP1 LMP2B
Latency 0
b iib
ERERs BARTs
miRs

Figure 1.2: Schematic diagram of EBV latent transcription in different forms of latency.
Adapted from Fields et al 2001 [44]. Boxes represent EBV latent ORFs; shaded boxes
represent ORFs which are translated into viral protein; open boxes represent non-coding viral
RNAs. A linear EBV genome is shown above with the relative positions of the latent genes
and TRs marked.
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EBER RNAs are expressed [47] along with the EBV encoded miRNAs: the BamHI A
rightward transcripts (BARTS) and the BHRF1 miRNAs [48]. The latency Il pattern of gene
expression is also known as the growth-transforming programme (more details in section
1.9.2) as it transforms resting B cells into proliferating blasts (‘lymphoblastoid’) with a
phenotype similar to that of B cells proliferating in response to antigen. The latency Il
transcripts are also detected in the tonsils of patients with IM, suggesting that this pattern of

viral latent gene expression also occurs during primary infection in vivo [49].
1.5.2 Latency Il

Latency Il is a restricted pattern of viral latent gene expression in which the following latent
genes are expressed: EBNAL along with the EBERS, as well as the BARTs and BART
miRNAs. Variable expression of the LMPs 1, 2A and 2B are also seen from EBNA2
independent promoters in the BamHI N region of the genome [50-53]. The viral promoters Cp
and Wp are silent in latency Il infected cells and selective expression of EBNA1 initiates from
an alternative viral promoter Qp, located downstream of the BamHI Q fragment [54]. Latency
Il was originally identified in the epithelial tumour NPC [55, 56] and was subsequently also
found to be expressed in the Reed-Sternberg cells (HRS) of EBV positive Hodgkin’s
Lymphoma (HL) [57] . A latency Il pattern of EBV gene expression has also been detected in

the tonsillar GC B cells of IM patients [58], suggesting it may play a role in primary infection.
1.5.3 Latency |

Latency | is a restricted form of viral latency first identified in BL [59], in which only
EBNAL, EBERs and the BART miRNAs are known to be expressed [60]. The EBNA
promoters Cp and Wp are silent, as in latency Il, and the LMP promoters are also silent and

gene expression is initiated from the Q promoter (Qp) [54]. Latency I has also been detected
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in replicating peripheral blood memory B cells from IM patients, suggesting that this latency

state may be important for viral persistence in vivo [61].
1.5.4 Latency O

It is believed that EBV persists in the memory B cell compartment in normal carriers in a
form of viral latency termed latency 0. In this form of latency, latent gene expression is

restricted to only the EBERS and the BARTS [44, 62].

1.6 EBV latent gene products
1.6.1 EBNA1

EBNAL is encoded by the BKRF1 ORF. All EBNA1 mRNAs have been shown to contain an
IRES (Internal Ribosome Entry Site) in the U exon. This IRES allows efficient translation of
EBNAL irrespective of which viral promoter is used to initiate EBNAL transcription.
Consequently, the varying 5’UTRs of EBNA1 generated from alternate promoter usage (Ys-
U-K from Cp and Wp, and Q-U-K from Qp) do not affect the efficiency of EBNAL protein
expression [63].

EBNAL is the only latent protein to be expressed in all EBV-associated malignancies.
EBNAL is essential for EBV episome maintenance which it mediates through diffuse
association with mitotic chromosomes [64]. EBNAL is also expressed during the lytic cycle;

lytic EBNAL mRNAEs initiate directly from the lytic F promoter, located just up-stream of Qp.

EBNAL is believed to exist as a dimer which binds to the latent origin of replication (oriP) to
initiate DNA replication [65]. The oriP contains two distinct binding sites for EBNAL: the
family of repeats (FR), which consist of 20 copies of a 30bp EBNAL binding repeat; and a

dyad symmetry (DS) region, which contains 4 overlapping EBNAL binding sites [66, 67]. On
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binding EBNAL dimers, DNA replication initiates from within DS and terminates within FR
[68]. Binding of EBNA1 to FR may also enhance transcription from Cp and Wp, and have a
long range effect on the transcription of the LMPs [69-71]. Conversely, EBNAL1 binding to
two low affinity sites down-stream of the Qp promoter results in decreased transcription,
suggesting that EBNAL negatively regulates its own transcription during latency | and Il [72,

73].

In the prototype B95.8 strain the EBNA1 protein is 641aa in length and contains a glycine-
alanine (gly-ala) rich region within the amino terminal which varies in length among different
EBV isolates. This gly-ala repeat inhibits proteasomal degradation, thereby preventing
presentation by the major histocompatibility complex (MHC) class | and evading the host
immune response [74, 75]. EBNAL is non-essential for growth-transformation although
transformation efficiency is significantly reduced (>1000 fold) in the absence of EBNAL,
presumably due to the essential role EBNAL plays in maintenance of the EBV episome [76].
The contribution of EBNA1 to the pathogenesis of EBV associated tumours is also ill defined;
there are conflicting reports regarding the ability of EBNAL to increase the incidence of
lymphoma in transgenic mice with constitutive EBNAL expression in B cells [77-79].
EBNAL has also been identified as a possible enhancer of cell survival [80], possibly due to
its ability to prevent p53 stabilisation though binding to the p53 binding partner ubiquitin

specific peptidase (USP) 7 [81].
1.6.2 EBNA2

EBNA2 is encoded within the BYRF1 ORF. It was the EBNA2 deleted non-transforming
virus, P3HR1 which first demonstrated the essential role of EBNA2 in EBV-mediated growth

transformation [82]. EBNAZ2 contains a number of important structural features: a negatively
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charged amino terminus which may play a role in homodimerisation; a polyproline repeat
region of variable size; a highly type divergent central region; a RBP-Jk interaction domain; a
highly conserved, imperfect Arg-Gly repeat which can serve as nuclear localisation signal
(NLS); a negatively charged transactivation domain; and a C-termianl Lys-Arg-Pro-Arg NLS.
Only the negatively charged N terminal domain and the imperfect Arg-Gly repeat are
conserved between type | and type Il viruses. It is proposed that the sequence differences in
EBNAZ2 are the cause of the reduced transformation efficiency of the type 2 viruses relative to
the type 1 viruses [82, 83].

The essential role of EBNAZ2 in B cell transformation is due to its ability to act as a potent
transcriptional activator of viral and cellular genes. Three of the EBNA2 structural elements,
the RBP-Jk binding domain, the acidic activation domain and the homotypic association
domains have been identified as essential for the transformation and transcriptional properties
of EBNA2. The RBP-Jk binding domain mediates promoter modulation in a similar manner
to the critical development protein, Notch 2 and thus EBNA2 can be described a functional
orthologue of an activated Notch receptor. RBP-Jk, cither alone or with the ski-interacting
protein (SKIP), tethers EBNA2 to its response elements up-stream of viral and cellular
promoters. EBNA2 has been shown to activate the viral promoter Cp and the promoters of the
LMPs. In resting cells, RBP-Jx is thought to repress promoters through an interaction with a
histone deacetylase complex (HDAC) co-receptor complex. The binding of EBNA2 to RBP-
Jk replaces the repressive interactions and through its transactivation domain, recruits
activators of transcription. Cellular genes which EBNA2 has been able to transactivate

include CD21, CD23, c-fgr, cMyc, RUNX3 and EBII/BLR2 [84-88].

The acidic activation domain contains a homologous sequence to the herpes simplex virus

(HSV)-encoded transcriptional activator protein, VP16. Both EBNA2 and VP16 bind a range
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of transcriptional activators including p300/CBP, TFIIE and p100 [89, 90]. The scaffolding
protein p100 is complexed with the acidic domain of EBNA2 in LCLs and mediates
EBNAZ2’s transactivation of genes through the interaction of p100 with c-myb and PIM-1 [91,
92]. EBNAZ2 dependent activation is likely to involve chromatin remodelling and histone

acetylation, as evidenced by the interaction of EBNA2 with p300/CBP and SWI/SNF [93-95].

Finally, either of the regions bordering the polyproline repeat can mediate homotypic
association which is pivotal to EBNA2’s ability to form complexes that can recruit
transcription factors [96]. Deletion of both of these regions results in a null transforming

phenotype [97].

1.6.3 EBNA-LP

The EBNA-LP ORFs are located within the 5’UTR of all Wp and Cp initiated transcripts and
are only translated when W, or C; exons splice to an alternate splice acceptor, W1, creating
an AUG translation initiation codon [98]. EBNA-LP is transcribed from Cp or Wp initiated
C,, C, or Wy exons, followed by a variable number of W,W; repeats and unique Y; and Y
exons. The size of EBNA-LP varies between different EBV isolates which show differing
numbers of repeat domains [99]. EBNA-LP is one of the first latent proteins to be expressed
during primary B cell infection, along with EBNAZ2 [47]. The expression of EBNA-LP is not
believed to be essential for transformation, as recombinants expressing a truncated protein
lacking the unique C-terminus retain some transforming capabilities [100, 101]. Experiments
performed with recombinants with mutated EBNA-LP ORFs are required to confirm the role
of EBNA-LP in the transformation of B cells by EBV. The major function of EBNA-LP

appears to be as a co-activator of EBNA2 mediated transcription of viral and cellular genes
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[102]. EBNA-LP enhances EBNA2 mediated transactivation of the LMPs and Cp [103] and
co-transfection of EBNA2 and EBNA-LP can induce Gy to G; transition in primary B cells
[104]. EBNA-LP is a phosphorylated protein with serine 35 in the W; exon serving as the
major phosphorylation site for this protein. Substitution of serine 35 reduced EBNA-LP’s
ability to induce LMP1 following co-transfection with EBNA2 into Akata cells, indicating
that the phosphorylation of EBNA-LP is critical for its function as co-activator of EBNA2
[105]. The phosphorylation of EBNA-LP may be required to control its activity depending on
the requirements of the cell as its phosphorylation is cell-cycle specific, with phosphorylation
increasing in G2 and being maximal in the G2/M phase [106]. In vitro assays have indicated
that EBNA-LP phosphorylation can be mediated by casein Il kinase, p34cdc2 and DNA-PK

[105, 107].

EBNA-LP is highly associated with the nuclear matrix fraction of the cell and has been
detected in both ND10 bodies (also known as nuclear bodies) and spread throughout the
nucleus [99]. Immunofluorescence studies have shown that EBNA-LP co-localises with
promyelocytic leukaemia protein (PML), retinoblastoma protein (Rb) and heat shock proteins
(Hsp72/73) in the nucleus [108-110]. However, a cytoplasmic localisation for a proportion of
EBNA-LP molecules has also been reported [111]. Studies in cell-free systems have also
indicated an association between EBNA-LP and the tumour suppressor proteins, Rb and p53
[112]. However, this association has not been shown in LCLs and it has also been reported
that the transfection of EBNA-LP does not affect Rb or p53 function, therefore the biological

significance of these interactions is questionable [113].
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1.6.4 EBNA3 family

The ORFs for the EBNA3 family of proteins are tandemly arranged in the BamHI E fragment
of the viral genome and all three proteins share a number of structural features: hydrophilic N-
terminus; a type divergent region; a region of short sequences rich in negatively and
positively charged aa residues; and a proline rich C-terminus containing repeated polypeptide
domains [44]. The genes encoding the three proteins are postulated to have arisen as a result
of gene duplication during virus evolution [114, 115]. The type 1 and type 2 EBNA3A, B and
C proteins share 84%, 80% and 72% aa sequence homology respectively, however, this does
not appear to have any correlation with the transformation efficiency of the virus [116, 117].
The EBNA3 proteins are transcribed from either the Cp or Wp viral promoters. The ORFs for
each of the EBNA3 genes consists of a unique, short 5’ exon and a unique, long 3’ exon
(BERF1, BERF2b and BERF4) [117, 118]. Despite only a few copies of the EBNA3 mRNAs
per cell, the stability of these proteins results in their intranuclear accumulation [115, 119,
120]. The EBNA3 proteins are highly immunogenic and provide a major target for CD8

positive cytotoxic T-lymphocytes (CTLs) [121, 122].

The EBNA3 family of proteins are believed to act predominantly as a set of transcriptional
activators and repressors and similar to EBNAZ2, the EBNA3s can regulate the transcription of
cellular and viral genes [123-125]. An important function for the EBNA3s is likely to be the
modulation of EBNA2 and Notch activity through competition for the transcriptional
repressor RBP-Jk [126]. Consistent with this, over-expression of EBNA3A in an LCL results
in dissociation of EBNA2 from RBP-Jk and consequent down-regulation of CD21, CD23,
cMyc and GO/G1 cell-cycle arrest [127]. EBNA3C expression in LCLs reduces DNA binding
by RBP-Jk and represses the viral Cp and LMP1 promoters in an RBP-Jk dependent manner

[123, 128]. EBNA3C and EBNA3A can also repress cellular gene promoters independently of
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RBP-Jk when tethered to DNA via the DNA binding domain of the yeast GAL4 protein [129,
130]. Additionally, the EBNA3 proteins have also been shown to modulate the expression of
a number of cellular genes. EBNA3B expression in EBV negative DG75-BL caused an
increase in the expression of vimetin, CD40 and Bcl-2, but a down-regulation in CD77 [131].
EBNAS3C expression in EBV-negative BJAB B cell line induced an up-regulation of the EBV

receptor, CD21 [132].

Only EBNA3A and EBNA3C are essential for transformation, and this may be attributed to
the pro-survival properties of these two genes [133, 134]. However, a recent report suggests
that EBNAS3A deficient LCLs can be produced from EBNAS3A deleted EBV but these cells
are more sensitive to apoptosis and show reduced proliferation rates, suggesting that
EBNAS3A may be important but not critical for transformation [135]. The EBNA3s have been
shown to have an anti-apoptotic function in vitro, with EBNA3A and EBNA3C capable of
down-regulating the expression of the pro-apoptotic protein Bim [136]. Using a recombinant
virus it has been shown that the proliferation and survival of LCLs is dependent on EBNA3A
expression [137]. Accordingly, cell lines generated from Wp-restricted BL, which express the
EBNAS3s in the absence of EBNA2 or LMPs, are significantly more resistant to apoptosis than
latency | BL cell lines [138], although the relative contributions of the EBNA3 proteins and
the vBCL2 protein, BHRF1, which is also highly expressed in Wp BLS, remains unclear
[139]. The pro-survival properties of the EBNA3s suggest that they may contribute to the
oncogenicity of EBV infected cells. Indeed, EBNA3C has been reported to cooperate with
oncogenic Ras in the transformation of rat embryo fibroblasts [140], and deregulates many

cell cycle control pathways in EBV infected cells [141, 142].
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1.6.5 LMP1

LMP1 is an integral membrane protein encoded by the BNLF1 ORF. LMPL1 is localised to the
cell membrane, often in lipid rafts. EBNAZ2 can transactivate the LMP1 promoter and this is
dependent on the interaction of EBNA2 with RBP-Jx and PU.1 [143]. LMP1 consists of three
domains: a short N-terminal, cytoplasmic, hydrophilic domain, 17aa residues in length; a
hydrophobic transmembrane (TM) domain constituting 6 o helical, hydrophobic TM loops.
The TM domain enables self aggregation and is essential for the signalling of LMP1 [144]; a
C-terminal cytoplasmic tail which mediates signalling. The C-terminus contains two
transformation effector sites: TES1, which is essential for transformation, and TES2 which
significantly enhances transformation [145-147]. The C-terminus can also be divided into two
C-terminal activating regions, CTAR1 and CTAR2 which overlap with TES1 and TES2
respectively [148]. CTAR1 and CTAR2 associate with proteins such as tumour necrosis
factor (TNF) associated factors (TRAFs) and TNF receptor associated death domain
(TRADDs) to induce signalling through a number of pathways, particularly NfkB and AP-1

[146, 149].

LMP1 mimics a constitutively active CD40 receptor [150, 151]. This has been demonstrated
using a mouse model where expression of LMP1 in CD40 null mice partially restored the
wild type (wt) phenotype [152]. Additionally, a CD40-LMP1 fusion protein, where the
cytoplasmic tail of LMP1 was fused to CD40, prevented constitutive activation of LMP1 and
produced a LMP1 protein dependent on CD40L stimulated for activation. The LMP1
signalling induced in vivo by CD40L completely substituted for CD40 [153]. The functional
redundancy between LMP1 and CD40 can also be demonstrated in vitro, using LCLs
generated with a recombinant EBV with inducible LMP1 expression. Upon removal of LMP1

expression, the LCLs stop proliferating and this inhibition of proliferation can be reversed by
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treating the LCLs with CD40L [154]. Furthermore, LMP1 and CD40 up-regulate a similar
repertoire of activation associated antigens and adhesion molecules in B cells such as CD21,

CD23, CD40 and ICAM1 [155].

LMP1 is essential for B cell transformation and proliferation; furthermore, it can transform rat
fibroblasts in vitro, and its expression in mice predisposes them to lymphoma [145, 154, 156-
160]. Thus, LMP1 can be classified as a viral oncogene. Conversely, high expression of
LMP1 can induce growth inhibition and apoptosis [161, 162]. Therefore, regulation of LMP1
expression is critical to cell survival and proliferation, which may explain why three EBV

encoded BART miRNAs can down-regulate the expression of this crucial gene [163].

The cellular signalling pathways modulated by LMP1 are essential for its transforming and
oncogenic properties. The pl6™<“.RB pathway plays a critical role in preventing
inappropriate cell proliferation and is often targeted by viral oncoproteins. Unlike other DNA
tumour virus oncoproteins, such as papillomavirus E7 or adenovirus E1 [164-166], LMP1
does not bind directly to pRb but instead inhibits the transcription of p16™** by preventing
the nuclear import of its transcription factor, Ets2 [167, 168]. Activation of NFkB is
predominantly mediated by CTAR2 and is important for the survival of EBV transformed
cells as inhibition of NFkB causes apoptosis. CTAR2 is also important in LMP1 mediated
activation of the c-Jun N-terminal kinase (JNK) pathway, leading to activation of AP-1.
Signalling through CTAR1 and CTAR?2 can also induce p38 mitogen-activated protein kinase
(MAPK) activation and this activation is essential for LMP1’s ability to transform Rat-1 cells

[169].
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1.6.6 LMP2A/B

The LMP2 gene encodes two isoforms termed LMP2A and LMP2B. These two proteins are
transcribed from spatially distinct promoters, 3kb apart in the EBV genome [170-173]. The
transcripts each have a unique first exon but then share 8 common exons which encode the 12
TM domains and the C-terminus. Exon 1 of LMP2A contains an N-terminal cytoplasmic
domain which mediates the signalling functions of this protein. LMP2B lacks this exon and
therefore the signalling capabilities attributed to it. The first exon of LMP2B is non-coding

and translation initiates at a methionine codon within exon 2 [170].

LMP2A and LMP2B are not essential for transformation of primary B cells [174-178],
however, there is conflicting evidence which suggests LMP2A expression may enhance
transformation [179, 180]. LMP2A can provide B cells with pro-survival and anti-
differentiation signals and can cooperate with LMP1 to enhance the B cell survival signalling
mediated by NFkB [181, 182]. LMP2A has also been shown to protect BL and gastric
carcinoma cell lines from TGF-B and BCR cross-linking induced apoptosis [183, 184].
Additionally, LMP2A expression enabled surface Ig negative B cells to escape from the bone

marrow and colonise peripheral lymphoid organs [185, 186].

The N-terminal domain of LMP2A is able to interact with the B lymphocyte Src family
tyrosine kinases, particularly Lyn [187, 188]. Binding of Lyn results in the phosphorylation of
LMP2A, the recruitment of Syk and activation of PI3K, Btk, BLNK and Akt [189, 190]. The
signalling through Lyn and Syk has been shown to repress B cell entry into the lytic cycle
after cross-linking CD19, MHC class Il or the BCR [191, 192]. This indicates that one of the

functions of LMP2A in latent infection is to prevent lytic activation of the virus.
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Relatively little is known regarding the function of LMP2B, partly due to the technical
problems involved in studying this isoform, such as the absence of a specific antibody. It is
presumed that LMP2B must function in a different manner from LMP2A due to the lack of
the signalling N-terminal cytoplasmic domain. Evidence suggests that the main function of
LMP2B may be to antagonise LMP2A. Over-expression of LMP2B resulted in the co-
localisation of LMP2A and LMP2B and prevented LMP2A mediated inhibition of lytic
reactivation after BCR cross-linking [193, 194]. Co-localisation of LMP2A and LMP2B at the
plasma membrane has been shown to disrupt the self association of LMP2A [195], suggesting

a direct role for LMP2B in the modulation of LMP2A function.
1.6.7 EBERS

The EBV encoded RNAs, EBER1 and EBER2, are small non-polyadenylated RNAs 166 and
172 nucleotides in length respectively. The genes encoding the EBERs are situated adjacent to
one another in the BamHI C region of the genome. EBERL1 is transcribed by RNA
polymerases Il and 11, whereas EBER2 is transcribed exclusively by RNA polymerase 111
[196, 197]. The EBERs are the most abundant EBV RNAs in the cell but they are not
expressed equally in LCLs, with EBER1 having an approximately 10 fold greater level of
expression than EBER2 [196, 197]. The EBERs are located in the nucleus where they are
found in ribonucleoprotein (RNP) particles complexed to cellular proteins [198]. Despite the
fact that the EBERs only share 54% sequence homology, they are predicted to have similar
secondary structures and therefore may function in a similar manner. The EBERs have similar
primary and secondary structures to the Adenovirus non-coding viral associated (VA) RNAs
and the cellular U6 RNAs, hence these RNAs may provide clues to the function of the EBERs
[199, 200]. VA RNAs have been shown to enhance adenoviral lytic replication due to their

ability to promote translation of viral mRNAs [201]. The EBERs can functionally substitute
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for VA RNAs in late stage Adenovirus 5 lytic cycle [202, 203]. Like VA RNAs, the EBERs
can bind to and inhibit the interferon induced protein kinase PKR in vitro, providing one

possible mechanism thorough which EBERs may function [204].

The expression of EBERs in all forms of latency suggests an important role for these RNASs in
transformation; nevertheless, recombinant viruses have clearly demonstrated that the EBERsS
are not essential for transformation. The data regarding the contribution of the EBERs to
transformation is conflicting. Originally it was demonstrated using an EBER knockout EBV
that loss of the EBERs had no effect on transformation efficiency or LCL phenotype [205].
However, subsequent reports revealed impaired growth rates and transformation efficiency

with EBER knockout or EBER2-only knockout EBV [206, 207].

There is increasing evidence to suggest that the EBERS may contribute to the oncogenicity of
EBV. EBER expression in EBV negative B cell lines has been reported to increase the
malignant phenotype of cells by decreasing their susceptibility to apoptosis, up-regulating
Bcl-2, and enabling the cell lines to cause tumours in severe combined immunodeficiency
(SCID) mice [208-212]. Additionally, it has been proposed that the EBERs may offer a
growth advantage to BL cells through their ability to up-regulated IL10, which may act as an

autocrine growth factor and suppress cytotoxic T cells [213, 214].
1.6.8 EBV miRNAs

EBV has been reported to encode at least 42 viral miRNAs, although new miRNAs may still
be discovered as prediction and detection methods improve. The first EBV miRNAs to be
discovered were the three BHRF1 miRNAs (BHRF1-1, -2 and -3) which flank the BHRF1
ORF and these miRNAs are found exclusively in B cells with latency Il or Wp-restricted

types of latent infection and, in the case of miR-BHRF1-2 and miR-BHRF1-3 only, during
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Iytic cycle [215, 216]. The remaining EBV miRNAs are located within the introns of the
BART region and are consequently called the BART miRNAs. The BART miRNAs are
located in two clusters (cluster 1 and 2). The B95.8 strain of EBV has a deletion in the BART
region, leaving only 5 of the BART miRNAs in the genome. This deletion has no apparent
effect on the transformation efficiency of this strain, suggesting that most of the BART
miRNAs are non-essential for transformation. Conversely, the high degree of evolutionary
conservation between the miRNAs of EBV and those of the rhesus LCV indicate that they

have an important function at some stage of the EBV life cycle.

There have only been a limited number of EBV miRNAs targets identified, hence the role of
these miRNAs in transformation and the pathogenesis of EBV remains to be elucidated. The
EBV miRNA targets which have been identified include cellular as well as viral targets,
indicating a potential for these miRNAs to control a wide variety of processes. The viral
targets of the EBV miRNAs include LMP1, LMP2A and the EBV lytic cycle polymerase
BALF5 [163, 217, 218]. Interestingly, BALF5 is targeted by miR-BART-2 which is located
in an anti-sense position relative to the 3’UTR of BALFS5 and represents the first example of a
viral antisense miRNA [219]. An antisense miIRNA will have 100% complimentarity to its
target gene and will therefore cause mMRNA cleavage in a siRNA-like mechanism, which is

believed to a very efficient method of gene repression.

Two cellular gene targets of EBV miRNAs have so far been identified: p53 up-regulated
modulator of apoptosis (PUMA) and CXCL11, an interferon (IFN)-inducible T cell attracting
chemokine, targeted by miR-BART-5 and miR-BHRF1-3 respectively [220, 221]. Although
the data is still limited, a role for EBV miRNAs in protecting EBV infected cells from
apoptosis and evading immune surveillance is beginning to emerge. This strongly suggests

that EBV miRNAs may contribute to the pathogenesis of the virus. This is supported by the
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high expression of a number of the EBV miRNAs found in primary tumour biopsies including

NPC, BL, PEL, gastric carcinoma and AIDS-DLBCL [220, 222-224].

1.6.9 Other EBV latent transcripts
1.6.9.1 BARTSs

The BARTSs are a family of differentially spliced complimentary-strand transcripts which
encode mRNAs for putative RK-BARF0, A73 and RPMS1 proteins. The introns from this
region also encode a number of mMiRNAs, as discussed in section 1.6.8, and these miRNAs are
currently the main known function of the BARTSs. Recombinant virus experiments have
shown that the BARTSs are not essential for transformation and the BART coding region in the
B95.8 strain of EBV has a deletion of the BART coding region without any apparent function
consequence on transformation. The BART transcripts are expressed in all forms of latent and
Iytic infection and have been detected in tumour samples but their function remains elusive
[51, 225-230]. Although the BARTs encode mRNAs, the proteins produced from these
MRNAs have not been detected in EBV infected cells in vivo or in vitro [231]. Despite this,
experimentally generated proteins from these mMRNAs have been implicated in the modulation
of numerous cellular pathways including notch signalling [230]. The significance of these
interactions cannot be evaluated until the expression of these proteins in EBV infected cells

has been determined.
1.6.9.2 BHRF1 and BALF1

BHRF1 and BALF1 are both homologues of the anti-apoptotic protein Bcl-2 [232-234]. They
are also both lytic cycle antigens, however, the expression of either BHRF1 or BALF1 has

also been reported in NPC, BL cell lines and LCLs [139, 233]. Using recombinant viruses it
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has been demonstrated that BHRF1 is not essential for transformation [235, 236], yet
inactivation of both BHRF1 and BALF1 eliminates the transforming capacities of EBV [237].
This suggests that there is a degree of functional redundancy between these two Bcl-2
homologues and highlights the potential importance of anti-apoptotic stimuli during the

transformation of primary B cells.
1.7 EBV lytic cycle

The EBV lytic life cycle can be sub-divided into immediate early (IE), early and late lytic
cycle by the expression of distinct lytic genes. BZLF1 and BRLF1 are two IE lytic proteins
which function as transcription factors, activating their own, and one another’s promoters (Zp
and Rp) to amplify lytic induction stimuli [238-242]. The BZLF1 protein is a viral homolog
of c-Jun and c-Fos, and activates expression of early lytic genes through binding to AP-1 or
Z-response elements (ZRE) [243, 244]. The lytic cycle is believed to be induced in vivo when
plasma cells encounter antigen and differentiate [245]. In vitro, the lytic cycle can be induced
in an EBV positive cell line by a range of stimuli, including surface Ig cross-linking, phorbol
ester simulation, sodium butyrate treatment or in some instances, ectopic BZLF1 expression

[246-250].

Early lytic cycle genes are defined as those which are transcribed prior to viral DNA
replication and include the EBV DNA polymerase, BALF5, and the major DNA binding
protein, BALF2 [251, 252]. The expression of early lytic cycle proteins results in the
replication of EBV genomes by rolling circle replication [253]. During early lytic cycle, EBV
also expresses the Bcl-2 structural homologs, BHRF1 and BALF [234, 254, 255]. The
expression of these genes during early lytic cycle is thought to protect cells from apoptosis

during the lytic cycle in vivo [237, 255].
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Late lytic cycle genes are expressed following viral DNA replication and mainly include viral
structural proteins, such as capsid proteins, glycoproteins, and tegument proteins [251, 252].
The few non-structural genes expressed during late lytic cycle include BCRF1 which encodes
for viral IL10, providing growth and survival signals to the cell [256-260]. In addition, I1L10
has been shown to aid immune evasion 