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Abstract

This study covers the investigation of evolutionary and structure-function relationship
aspects of several cancer related proteins. One part of the study deals with the investigation
of a critical protein of Epstein-Barr Virus (EBV) the Nuclear Antigen 1 (EBNAL), and its
interactions with different host proteins. One of these host proteins is a member of a large
gene family, encoding ubiquitin specific proteases (USP), known as USP7. The second
section of the thesis deals with the molecular evolution of the USP gene family. Another
set of cellular proteins deregulated during EBV associated oncogenesis are members of the
glycoside hydrolase (GH18) family. Their phylogenetic relationships and protein structures
were investigated in the third section of this thesis.

EBNAL is the only EBV protein that consistently expressed in all latent forms of the EBV
infections. The protein is involved in the genome maintenance and a substantial body of
evidence suggests that it has a role in EBV associated oncogenesis. In this study, full
length molecular models of the EBNAL protein were generated using the programmes, I-
TASSER, MOE and Modeller. The best models were selected on the basis of plausibility in
structural and thermodynamical parameters and from this models of EBNA1 homologues
of primates lymphocryptoviruses (LCVs) were generated. The C-terminal DNA binding
and homodimerisation domain was predicted to be structurally similar between different
LCV EBNA1 homologues, indicative of functional conservation. The central glycine
alanine repeat (GAr) domain was predicted to be primarily composed of a helices, while
almost all of the protein interaction region was found to be unstructured, irrespective of the
prediction approach used and sequence origin. Predicted USP7 and Casein kinase 2 (CK2)
binding sites and GAr were observed in the EBNA1 homologues of Old World primate
LCVs, but not in the marmoset homologue suggesting the co-evolution of both these sites.
Dimer conformations of the EBNA1 monomer models were constructed using SymmDock,
where the C-terminal tail was predicted to wrap around the proline rich loop of another
monomer, possibly contributing to dimer stability. This feature could be exploited in
therapeutic design, hence an inhibitor peptide was designed and a preliminary evaluation
was conducted to explore its ability to inhibit EBNAL function in cell survival. The peptide
array libraries of EBNAL were used to investigate the binding regions and critical contact
points between EBNAL1 and partner proteins. Human EBP2 and USP7 proteins were
expressed in bacteria and probed on the EBNAL array. The data confirm the previously
known binding region for EBNA1-EBP2 and EBNAL1-USP7 interactions. In addition
further information was gained regarding the critical contact residues and the potential role
of phosphorylation of serine residues of EBNAL in its binding with EBP2 and USP7.
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The human genome encodes nearly 100 USPs which contribute to regulate the turnover of
cellular proteins. These homologues are divided into 16 paralogous groups, all sharing a
characteristic peptidase C19 domain. Evolutionary relationships between these
homologues were explored by datamining and the phylogenetic reconstruction of peptidase
C19 domain sequences. The data reveal an ancient relationship between the genes, with
expansion occurring throughout the course of evolution, but particularly at the base of the
vertebrates, at the time of the two whole genome duplications. A comparison between the
phylogenetic architecture and protein interaction networks suggests the parallel emergence
of many molecular pathways and the associated USPs.

The GH18 gene family includes chitinases and related non catalytic proteins. Most
mammals encode at least three chitinases (CHIT1, CHIA/AMCase and CTBS), as well as
several homologues encoding catalytically inactive chitinase-like proteins or chilectins.
Phylogenomic analysis shows that the family has undergone extensive expansion, initiating
with a duplication event at the root of the vertebrate tree, resulting in the origin of the
ancestors of CHIT1 and CHIA. Two further duplications of ancestral CHIA predate the
divergence of bony fishes, one leading to a newly identified paralogous group (we have
termed CHIO). In tetrapods, additional CHIA duplications predate and postdate the
amphibian/mammalian split and relics of some exist as pseudogenes in the human genome.
Homology modelling of structurally unresolved GH18 homologues in mouse and human
was conducted using Modeller and I-TASSER. All resolved and predicted structures share
a TIM barrel (B/a)s and o+ domain. A central ligand binding cavity was also found in all
GH18 homologues. The variation in size and shape of different paralogous proteins,

indicate the difference in their ligands specificity and in turn potential functions.
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1.Introduction

The work in this thesis covers the investigation of evolutionary and structure-function
aspects of several cancer related proteins. One part of the study deals with a critical protein
of Epstein-Barr Virus (EBV), the EBV Nuclear Antigen 1 (EBNA1). An important cellular
protein that interacts with EBNAL is the ubiquitin specific protease 7 (USP7), the second
section of the thesis explores the phylogenomics of the USP gene family. Another set of
cellular proteins deregulated during EBV associated oncogenesis are members of the
glycoside hydrolase-18 (GH18) family and the third section of this thesis investigated

GH18 gene family phylogenomics and protein structure.

1.1. Epstein-Barr Virus

Epstein-Barr Virus (EBV), also called human herpesvirus 4 (HHV-4), is a linear double
stranded DNA containing virus. Taxonomically, it belongs to genus lymphocryptovirus
(LCV) or gamma-1 herpesvirus of family herpesviradae and subfamily
gammaherpesvirinae. The virus normally infects B cells and can undergo a lytic cycle,
leading to the release of viral particles, and a latent cycle in which viral genome is stably
maintained within the infected cells. The genome is around 172Kbp in size and contains
approximately 100 distinct genes (Baer et al., 1984; Kieff and Rickinson, 2007). Out of
these, 11 genes are expressed early in viral infection and variably in different latent states.
These include: six Epstein-Barr virus Nuclear Antigens: EBNAL, 2, 3A, 3B, 3C and —-LP,
three Latent Membrane Proteins: LMP1, LMP2A and LMP2B, two Epstein-Barr virus
Encoded RNAs: EBER1 and EBER2 as well as multiple microRNAs. The viral genome is
surrounded by a protein capsid and between the capsid and inner envelope lies a protein
tegument which anchors several glycoprotein that define cell tropism, host range and
receptor recognition of the virus (Kieff and Rickinson, 2007). To date, two viral subtypes,
type 1 and type 2 have been identified which differ at EBNA loci. The two types also differ
in their transforming ability (Takimoto et al., 1989) and epidemiology (Kieff and
Rickinson, 2007) as EBV type 1 is prevalent in many parts of the world whereas type 2 is
more prevalent in Africa. Since the global infection rate of EBV is more than 90%, it is
included among the most successful viruses in evolutionary terms (Cohen, 2000). EBV
was the first virus proposed to be associated with the human cancers (Epstein et al., 1964)
but absolute recognition of the oncogenic potential of EBV and its association with other

human disorders is still a growing area.

1.2. Brief time line of EBV research
EBV was first discovered by Epstein and co-workers using electron microscopy of a cell

line derived from a Burkitt’s lymphoma patient (Epstein et al., 1964). Since its discovery,
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a wealth of information has been gathered that enable us to understand many key aspects
of EBV biology. One reflection of this is the presence of over 30,000 research articles
(papers and reviews) in the National Center for Biotechnology Information (NCBI)

database having the key word Epstein-Barr Virus (Figure 1.1).

1.3. EBV infections in humans

Normally, EBV infections are asymptomatic and the virus is spread via saliva. The primary
site of infection is the oropharynx where the virus comes into contact with B lymphocytes
in the lymphoid tissue of Waldeyer’s ring. However, it is now increasingly evident that
EBV can also infect epithelial cells, T cells, natural killer (NK) cells, smooth cells and
monocytes (reviewed in Hutt Fletcher, 2007).

Initial attachment of EBV is predominantly mediated by the interaction between its
envelope protein (gp350/220) and the cellular complement component receptor 2
(CR2/CD21) a protein found on the B cell surface (Fingeroth et al., 1984; Johannsen et al.,
2004). However, a gp350 deletion mutant of EBV retains the ability to transform B cells,
although with much reduced efficiency, suggesting other portal(s) may also present to
facilitate EBV infection. Nevertheless, gp350 is a major requirement as antibodies to
gp350 neutralize the infection of B cells by impairing virus attachment (Tanner et al.,
1988). Additionally, the structure of CR2 has been resolved by crystallography and critical
regions for gp350 binding have been identified (Prota et al., 2002). Intriguingly, epithelial
cells lack CR2 or express it at a very low level and the underlying mechanism of virus
attachment with the epithelial cells is still unclear. However, possible mechanisms include
viral attachment via gp350 antibodies binding to the IgA receptor on epithelial cells
(Sixbey et al., 1992), and attachment of viral glycoproteins gH and gL to an unknown
receptor on epithelial cells (Molesworth et al., 2000) and binding between the viral
membrane protein BMRF2 with integrins on epithelial cells (Tugizov et al., 2003).

Virus fusion with either B cells or epithelial cells requires three glycoproteins gH, gL and
gB. Briefly, the attachment of gp350/220 with the CR2 receptor potentially triggers
signalling events that initiate the process of endocytosis. CR2 switches its binding from
gp350 to gp220 which in turn allows gp42 to interact with HLA class Il (HLAII). This
interaction facilitates the core fusion machinery (gH, gL and gB) to interact with the
endosomal membrane allowing cellular internalization of the virus (Hutt-Fletcher, 2007).
Viral fusion in epithelial cells is proposed to be independent of the gp42-HLAII interaction

but mediated predominantly by the gH, gL and gB complex (Wang et al., 1998).
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Figure 1.1. Brief timeline of EBV research. The graph demonstrates the continuous
increase in the number of scientific publications related to EBV over the years. Note, only
the NCBI database was consulted in developing the graph and only some of the key
observations are indicated here. Key: Burkitt’s lymphoma (BL), Hodgkin’s lymphoma
(HL), multiple sclerosis (MS), systematic lupus erythematous (SL), oral hairy leukoplakia
(OHL), gastric carcinoma (GC), infectious mononucleosis (IM), nasopharyngeal
carcinoma (NPC), Epstein Barr Virus Nuclear Antigen (EBNA), Latent Membrane Protein
(LMP), Epstein Barr Virus encoded RNA (EBER), Ubiquitin Specific Protease (USP),
Transgenic (Tg). Note: the association of EBV with breast cancer and any functional role
in this disease is still controversial.
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Once inside the cell, EBV can undergo two routes in its life cycle: 1) Lytic infection which
is marked by the active propagation of virus in the host. 2) Latent infection which ensures
the persistence of the virus in the host without viral particle propagation. The virus can be

reactivated into lytic infection from latency.

1.3.1. Lytic infection

After cellular internalization the nucleocapsid is dissolved and the genome enters into the
cell nucleus. The lytic cycle is differentiated into three stages: Immediate-early (IE), early
(E) and late (L). The IE stage is marked by the expression of BZLF1 and BRLF1 genes, the
encoded proteins subsequently act as transactivators for other lytic genes and lead to the
expression of early stage genes (BMRF1, BALF2, BAL55, BBL2/3, BBLF4 and BSF1 etc)
and subsequently late stage genes for viral structural proteins (gp350/220, VCA, gp85,
gp25 and gp42). In this productive life cycle, the EBV genome is amplified by 100 to 1000
fold (Hammerschmidt and Sugden, 1988) and multiple rounds of DNA replication
originating at two sites make lytic infection distinct from latent infection (reviewed in
Tsurumi et al., 2005).

1.3.2. Latent infection

Latent infection of EBV does not support the active propagation of virus but it ensures the
stable persistence of the viral genome in the host cell. Unlike lytic infection, replication of
the viral genome in latent infection occurs via host DNA polymerase (Amon et al., 2005)
and from a separate origin, OriP. During latent infection the viral genome exists as a
closed circular extrachromosomal plasmid or episome, packaged around host histone
molecules (Dyson and Farell, 1985) and it stably replicates once during the cell cycle along
with the host genome (Kirchmaier and Sugden, 1995). It is interesting to note that all
primary or lytic infections of EBV begin with the expression of all latent genes which
drives the infected B cell into proliferation. However, soon the expression of these genes is
suppressed to evade immune recognition and if entering the lytic cycle, superseded by lytic
genes. However, if the virus enters latency, all viral protein shuts off, ultimately entering
latency 0. To date four main latency programmes have been categorized on the basis of
latent gene expression profile of EBV infected cell lines and in the healthy host: latency 0,
I, Il and Ill. Table 1.1. shows latent gene expression pattern in different latency
programmes of EBV. Moreover, these are broad categorization and different patterns can
be found.

1.4. Spectrum of EBV associated human diseases

In most cases, primary infection of pre-adolescents of EBV lacks any clinical

manifestation and is countered by the host immune response. However, the immune system
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Latent genes Latency 0 Latency | Latency I Latency 111
EBNA1 - + + +
EBNA?2 - - - +

EBNA3A - - - +
EBNA3B - - - +
EBNA3C - - - +
EBNA-LP - - + +
LMP1 - - + +
LMP2A - - + +
LMP2B - - + +
EBER1 - + + +
EBER2 - + + +
Diseases Healthy Burkitt’s Nasopharyngeal Infectious
individuals lymphoma carcinoma mononucleosis,
Hodgkin’s PTLD, LCLs
lymphoma

Table 1.1. EBV latencies types and latent gene expressions. The table shows the
expression of the genes (indicated by +) in different types of latencies associated with
EBV. Note, all lytic infections of EBV generally start with the expression of all latent
genes (latency Il programme) as exemplified by infectious mononucleosis, Post transplant
lympho proliferative disorder (PTLD) and lymphoblast cell lines (LCLS).

fails to completely purge the virus from the host as EBV hides in resting memory B cells
which then act as a persistent reservoir for the virus upon reactivation from the latent state.
To date the diseases associated or proposed to be associated with EBV could be broadly
classified into two categories: non malignant diseases and malignant diseases.

1.4.1. EBV associated non malignant diseases

Most common non malignant diseases known or proposed to be associated with EBV are:
infectious mononucleosis, chronic active infection, oral hairy leukoplakia and multiple
sclerosis.

EBV infection in the post adolescent can result in infectious mononucleosis
(approximately one third of the infections), a self limiting lymphoproliferative disease
marked by the latency Il programme and lytic infection. Clinically, the patients recover
from the disease without any recurrence or developing any severe pathology, however,
complications like splenic infarction, airway obstruction and neurological problems have
been observed (reviewed in Odumade et al., 2011). Chronic active infection of EBV is
characterized by chronic or recurrence of infectious mononucleosis like symptoms. The
clinical hallmarks of the disease are abnormally high titre of the EBV antibodies,
splenomegaly and/or persistent hepatitis, interstitial pneumonia and lymphadenitis (Kimura
et al., 2001). Oral hairy leukoplakia is another form of persistent primary infection of EBV
that almost exclusively affects HIV infected individuals (Reichart et al., 1989). The disease
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is characterized by the extensive replication of EBV particles in oral epithelial cells (Green
span et al., 1985) with hyperkeratotic and squamous epithelial cell lesions present on the
lateral side of tongue. The association of EBV with multiple sclerosis, an autoimmune
disease characterized by the depletion of the myelin sheath of neurons, is not currently
understood. However, some lines of the evidence point to EBV being a causal and/or
contributing factor in the pathogenesis of multiple sclerosis. These include increased
incidence of multiple sclerosis among individuals with prior EBV infection, and elevated
levels of EBNA1 antibodies before the onset of multiple sclerosis (DeLorenze et al., 2006;
Levin et al., 2010). While EBV does not infect neurons or Schwann cells it is thought that
EBV has an effect upon the immune system that promotes this disease. As such, it may

also exacerbate multiple other autoimmune disorders.

1.4.2. EBV associated malignant diseases

EBV was the first virus to be associated with human cancer, specifically Burkitt’s
lymphoma (Epstein et al., 1964). Since then several human malignancies have been linked
with EBV. The most highly EBV-associated malignancies are: endemic Burkitt’s
lymphoma (BL), Hodgkin’s lymphoma (HL), post transplant lymphoproliferative disease
(PTLD), nasopharyngeal carcinoma (NPC) and gastric carcinoma (GC).

BL is a very aggressive B cell lymphoma with three clinical variants: endemic BL,
sporadic BL and immunodeficiency associated BL. Each variant differs in their association
with EBV, endemic BL has 100% positivity with EBV, while sporadic BL and
immunodeficiency associated BL range between 5%-80% and 25%-40% association with
EBV respectively (Blum et al., 2004). All forms of BL involve translocation of the
oncogene, c-myc, to the regulatory region of immunoglobulin gene elements, thereby
deregulating c-myc expression (Gutierrez et al., 1992).

HL is another commonly associated B cell lymphoma with EBV. Clinically, HL is
differentiated into two main variants: non nodular lymphocyte predominant HL (NHL) and
classical HL (CHL). NHL accounts for only 5% of the total cases of HL and is usually not
associated with EBV. CHL is variably associated with the EBV (10%-90%) depending on
the geographical location and co existence of other diseases (Gandhi et al., 2004; Jarrett et
al., 2005).

Post Transplant Lymphoproliferative Disease (PTLD) affects cumulatively 3% of the
patients that have undergone transplantation (1% hematopoietic and 2% solid organ
transplantation). With around 80% of PTLD being EBV associated, the disease may take 5
months (hematopoietic transplantation) to 5 years (solid organ transplantation) to develop
(reviewed in Maeda et al., 2009).
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NPC is an epithelial carcinoma and on the basis of keratinisation and differentiation of the
affected region it is further categorized into three types: differentiated non keratinizing
NPC, undifferentiated non keratinizing NPC and keratinizing squamous cell carcinoma.
Both types of non keratinizing NPC are totally associated with EBV (100%). As
abnormally high titre of IgG and IgA antibodies to the viral capsid antigen (VCA) and
early antigen (EA) can be used to predict the onset of NPC (Henle and Henle, 1976), it has
been proposed that EBV reactivation and subsequent replication may contribute to the
development of NPC. Additionally, since EBV DNA in the NPC tumours appears to be
clonal (based on the terminal repeats), it suggests the contribution of proliferating latently
infected cells in the development of NPC (Raab-Traub and Flynn, 1986). A caveat to this
conclusion is that Moody et al. (2003) demonstrated that cells with EBV episomes
containing fewer terminal repeats proliferate much faster than cells with longer terminal
repeats, suggesting that the previously observed clonality of cells may be the result of
selection, rather than evidence of EBV presence at the origin of the tumour.

EBV associated GC is the highest in terms of worldwide incidence amongst all the EBV
associated cancers, however, EBV association is lower in this cancer (between 5.2% to
16.0% (van Beek et al., 2004)). Clinically, EBV associated gastric carcinoma is now
considered as a distinct molecular and pathological entity (Fukayama et al., 2001; Ojima et
al., 1996).

1.5. EBV latent genes

The six EBNA proteins can be expressed from differentially spliced mRNAs, initiated at
one of the two promoters (Cp or Wp) that span more than half of the viral genome.
Additionally, EBNA1 can be expressed from message initiated at Fp or Qp promoters
(Figure 1.2). LMP2 is expressed in the same direction as the EBNAs, but the mRNA spans
the terminal repeats and can therefore only be expressed from the episomal genome. LMP1
Is expressed in the opposite orientation, using the same promoter as LMP2B. EBERs are
the non coding double stranded structural RNAs present just upstream to OriP, whereas
other microRNAs are the present upstream to LMP1 and LMP2A (Figure 1.2).

15.1. EBNAL

EBNAL is the only protein coding latent gene of EBV which is expressed in three major
programmes of latency (latency I-I11). Its main role is to ensure propagation and
segregation of the viral genome in latently infected dividing cells. EBNAL structure and

functions will be described in detail in section 1.6.
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Figure 1.2. Structure of EBV genome. A schematic linear representation of 172 kb
circular EBV genome is shown. The latent genes, promoter regions and OriP site are
shown. Terminal repeats are represented by dots. Promoters are represented by flags with
the arrow indicating the transcription direction. For simplicity only three BARTS (micro
RNAs clusters; light blue arrows) are shown.

1.5.2. EBNA2

EBNAZ2 is a transcriptional activator of two viral genes (LMP1 and LMP2s) and cellular
genes (CD21, CD23 and others) (Gross et al., 2012; Kieff and Rickinson, 2007; Wang et
al., 1990a; 1990b). EBNA2 interacts indirectly with DNA at the EBNA2 responsive
elements (ER2Es) located within the promoter of the LMPs and several cellular genes via
DNA binding proteins including Jk-recombination binding protein (RBP-JK) (Grossman et
al., 1994). Only recently it has been demonstrated that nuclear chaperone nucleophosmin
(NPM1) also plays a critical role in escorting EBNAZ2 to the promoter region of LMPs (Liu
et al., 2012). EBNAZ2 regulates the expression of several viral and host genes including
LMP1 and c-myc genes pointing to the role of EBNAZ2 in B cell survival, which in turn

facilitate prevalence of the virus in the infected host (Kaiser et al., 1999).

1.5.3. EBNA3 gene family

The EBNA3 gene family comprise three related protein: EBNA3A, EBNA3B and
EBNAS3C orfs located tandemly in the EBV genome (Sample et al., 1990). The encoded
proteins contain seven repeats of leucine, isoleucine or valine that may enable those
proteins to dimerise. Their expression results when viral transcription switches to the C
promoter (Cp) from the W promoter (Wp) (Gahn and Sugden, 1995). EBNA3A and
EBNAS3C have been shown to be essential for the B cell transformation (Tomkinson et al.,
1992; 1993) and growth maintenance of LCLs (Maruo et al., 2003; 2005). All EBNA3
proteins competitively inhibit the binding of EBNA2 with RBP-Jks and consequently DNA
association (Waltzer et al., 1996; Zhao et al., 1996) thereby negatively regulating the
expression of several viral and host genes which are positively regulated by EBNAZ2.
Conversely, EBNA3C can act as transactivator as its expression in Raji cells (which have
the coding exon of EBNAS3C deleted) increases the expression of LMP1 (Allday and
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Farrell, 1994). Recently White et al. (2010) using microarrays reported that over 1000
genes regulated by EBV, require one of the three EBNAS3s.

1.5.4. EBNA-LP

Encoded by the leader mRNA sequence of EBNAS in a bicistronic message, EBNA-LP is a
protein with repeats of 66 amino acids (the W;W, domains) and a unique 45 amino acid C-
terminal sequence (the Y1Y, domains) (Kief and Rickinson, 2007; Sample et al., 1986).
Along with EBNA2, EBNA-LP induces the Gy to G; transition of resting B cells (Sinclair
et al., 1994). EBNA-LP is also involved in co-up regulating the target genes of EBNAZ2,
including LMP1 (Nitsche et al., 1997). Interactions of EBNA-LP with p53 and
retinoblastoma protein (pRb) have also been demonstrated (Szekely et al., 1993). Although
EBNA-LP is not essential for the immortalisation of the B cells, mutant EBV deleted for
EBNA-LP shows an impaired ability to transform B cells. Moreover, deletion of W repeats
(to 5 or less) also reduces the transforming ability of the virus (Tierney et al., 2011).

15.5. LMP1

LMP1 is considered to be the main transforming protein of EBV as it acts as a potent
oncogene in several cell types in culture including B cells (Kaye et al., 1993; Wang et al.,
1985). In vivo, using LMP1 transgenic mice, the expression of LMP1 in the epithelial cells
leads to the onset of early stage of epithelial hyperplasia and this can progress to neoplasia
(Stevenson et al., 2005; Wilson et al., 1990). Under the control of an IgH enhancer, LMP1
expression leads to the development of B cell neoplasia (Hannigan et al., 2011).
Structurally, LMP1 resembles a tumour necrosis factor family member, CD40. The protein
contains three main domains: 1) a short N-terminal cytoplasmic domain, 2) six
transmembrane helices and 3) a long C-terminal domain which incorporates three
functionally active regions termed C-terminal activating regions (CTAR) 1, 2 and 3
(Eliopoulos and Young, 2001; Li and Chang, 2003). CTAR1 and CTAR?2 interact with
tumour necrosis factor receptor associated factors (TRAFs) and tumour necrosis factor-
receptor death domain proteins (TRADDS) respectively. Such interactions instigate several
signalling pathways including the NF«xB pathway (Huen et al., 1995), MAPK pathways
(Eliopoulos et al., 1999) and P13K/Akt pathways (Dawson et al., 2003). Through these
pathways, LMP1 deregulates the expression of multiple genes including EGFR (Kung et
al., 2011) and EGFR ligand (Hannigan et al., 2007), apoptotic protein Bcl-2 (Henderson et
al.,, 1991) and stimulates inflammatory cytokine production in LMP1 transgenic mice
(Hannigan et al., 2010; 2011).
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1.5.6. LMP2A/2B

LMP2A and 2B are encoded by a single gene LMP2, which is intervened by the terminal
repeat sequences, the point at which linear ends of EBV genome join to form an episome
(Sample et al., 1989). Both genes are expressed simultaneously under the control of two
promoters located 3kb apart. LMP2A and LMP2B are identical except for the presence of
an additional 5° exon in LMP2A giving it an additional 119 amino acids, N-terminal
domain compared to LMP2B (Longnecker and Kieff, 1990). However, the 12
transmembrane domains are common to both LMP2A and 2B. Analysis of EBV
recombinant mutants deleted for LMP2 showed that both these proteins are not essential
for B cell transformation (Longnecker et al., 1993a; 1993b; 2000). Two out of the eight
tyrosine residues present at the N-terminal domain constitute a immunoreceptor, tyrosine-
based activation motif (ITAM), that play a central role in the proliferation and
differentiation of lymphocytes by interacting with the protein kinases of Src and Syk
families. It has been proposed that LMP2A can block normal B cell receptor (BCR)
signalling by assembling the tyrosine kinase to its ITAM (Fruehling and Longnecker,
1997). This finding is further supported by studies conducted using LMP2A transgenic
mice. LMP2A expressing B cells from these transgenic mice survive without producing
immunoglobulins suggesting that LMP2A may facilitate survival of B cells, even in the
absence of essential BCR signalling suggesting that LMP2A can provide the survival
signal that would otherwise be transduced by the BCR (Caldwell et al., 1998).

1.5.7. EBERs

The EBERs (EBER1 and EBER?2) are non polyadenylated, non coding pollll RNAs, which
along with EBNAL1 are consistently expressed in all programmes of EBV latencies (with
some exceptions like in GC). EBERs are amongst the most highly expressed viral genes in
latency, therefore routinely used in the diagnosis of EBV infected cells (Chang et al.,
1992). Sequentially, EBERs are highly conserved among different EBV isolates and are
thought to adopt a secondary structure conformation. The secondary structure contains
stem loops which are suggested to interact with several proteins including protein kinase R
(PKR) (Takada and Nanbo, 2001). Binding of EBERs with PKR is thought to inhibit
interferon responses and in turn apoptosis, providing EBV with an arsenal to counter the
host innate immune response (Nanbo et al.,, 2002). EBER expression in EBV negative
Akata cell line results in partial restoration of tumourogenic phenotype of EBV+ Akata
cells (Ruf et al., 2000). EBERs also confer resistance to apoptosis when expressed in
intestinal epithelium cells, via blocking PKR activity (Nanbo et al., 2005). Moreover,
EBER deleted mutant of EBV shows 100 fold reduced transforming ability as compared to
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wild type (Yajima et al., 2005). Consistent with these observations, EBER1 expression in
transgenic mice led to lymphoid hyperplasia ultimately followed by B cell malignancy
(Repellin et al., 2010). Another study, based on recombinant viruses (either with EBER1
or EBER2) suggests that the transforming ability of EBERs is due to EBER2 and not
EBER1 (Wu et al., 2007).

1.5.8. BamH1A region transcripts

This region of the EBV genome encodes highly expressed RNAs termed BamH1A
rightward transcripts or BARTs (Karran et al., 1992; Smith et al., 2000). During latent
infection of EBV, 29 miRNAs are expressed from three clusters in the EBV genome, of
these two clusters are made from BARTs (Edwards et al., 2008). Other protein coding
transcripts from the same region include BARFO and BARF1. BARF1 encodes a 31 kDa
protein which was originally considered to be a lytic gene but also has been found to be
expressed in NPC and GC (Decaussin et al., 2000, zur Hausen et al., 2000). Furthermore,
BARFL1 is a potential oncogene as its expression leads to the transformation of rodent
fibroblasts in culture and it can induce expression of the antiapoptotic gene Bcl2 (Sheng et
al., 2001).

1.6. EBNAL in depth

EBNAL is the only protein coding latent gene that is expressed in all latencies of EBV.
EBNAL was first described in fresh tumour biopsies of NPC (de The et al., 1973) and
subsequently identified in many EBV infected tissues (Wright et al., 1975; Yamamoto et
al., 1975). EBNAL is an 88 kDa, 641 amino acid containing protein. More than one third
of the protein is composed of a glycine and alanine repeats region, which were first
identified using antibodies present in the human sera in 1983 by Hennessey and Kieff.
EBNAL is a pleiotropic protein and is involved in a variety of functions, including genome
maintenance, transactivation, resistance to apoptosis and oncogenesis. The diversity in
EBNAL functions is primarily due to its ability to interact with several host and viral

biomolecules (Figure 1.3; 1.4).

1.6.1. The role of EBNAL in genome replication and maintenance

The main biological role of EBNAL in the virus is to facilitate the non random segregation
of viral genomes in latently infected cells. During latent EBV infection, the circular
episome of the virus undergoes one round of bi directional replication per cell division.
EBV replication in latent infection starts at unique region, oriP and while using only one

viral protein, EBNAL, it relies heavily on the host replication machinery. oriP is composed
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Figure 1.3. Binding partners and functions of EBNAL. The figure represents the
pleiotropic nature of EBNAL involved in a variety of functions including genome
maintenance, transactivation and resistance to apoptosis owing to its binding with multiple
host proteins as well as DNA and RNA.
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Figure 1.4. Protein interacting regions and domain distribution of EBNA1. Schematic
representation of the EBNAL protein is shown. Different structural/functional domains are
coloured differently and indicated. The horizontal bars represent the position and span of
different protein binding regions on EBNAL sequence. Note, EBNAL interacts with
multiple host proteins, binding region of only few are mapped and shown here.
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of two functional elements: a Dyad symmetry (DS) element and a family of repeats (FR),
situated 1kbp apart. The DS element contains 65bp central dyad symmetrical sequences
flanked by 3 copies of a 9bp sequence (nonamers) at each end. The central dyad
symmetrical region contains 2 of the 4 binding sites for EBNAL and optimal replication of
EBV episomes requires all four sites of EBNA1 interaction and the nonamers. Moreover,
the space (3bp) between two adjacent EBNAL binding sites is also crucial for effective
replication of the viral genome. The FR repeats are 20 tandem copies of a 30 bp sequence,
each of which contains an 18bp region for EBNAL binding (Figure 1.5). Interaction of
EBNA1 with both DS and FR is critical for EBV genome replication (Reismann et al.,
1985; reviewed in Frappier, 2012). Paradoxically, binding of EBNAL with FR may also
inhibit the replication by resisting the unwinding of DNA and movement of the replication
fork, limiting replication to once/S phase (Dhar and Schildkraut, 1991).

The co-crystallized structure of an EBNA1 C-terminal dimer with DNA has shown the
presence of two important regions, a DNA recognition helix (461-503 a.a) that flanks the
second dimerisation or core domain (504-604 a.a). Despite the limited sequence homology,
the core domain of EBNAL shares noticeable structural similarity with the dimerisation
domain of the E2 protein of papilloma virus (Bochkarev et al., 1995; 1996). The EBNA1
homodimer recognizes and binds to the 18bp pallindromic sequence present in DS and FR
(Ambinder et al., 1990; Rawlins et al., 1985). This DNA-protein interaction is mediated by
the C-terminal domain (459-603 a.a) of EBNAL. However, it is now increasingly evident
that in addition to the C-terminal one third of the protein, N- terminal region of EBNA1
also contribute to viral DNA replication and genome maintenance (Deng et al., 2005;
Holowaty et al., 2003; Shire et al., 1999). Binding of EBNA1 with USP7 has been shown
to increase its efficiency to bind with DNA in vitro. Depletion of cellular USP7 negatively
affects the EBNAL binding to oriP (Sarkari et al., 2009; 2010). Conversely, higher DNA
replication activity has been shown in the presence of an EBNAL mutant lacking the USP7
binding region, suggesting that EBNA1-USP7 binding may negatively regulate viral DNA
replication (Holowaty et al., 2003).

EBV genome replication during latent infection also involves extensive recruitment of the
host replication machinery (reviewed in Frappier, 2012). Studies have shown that the host
cell origin recognition complex (ORC) and minichromosome maintenance (MCM)
complex are recruited on the DS element at oriP, suggesting their role in EBV genome
replication (Chaudhuri et al., 2001; Dhar et al., 2001). Consistent with this it has been
demonstrated that cells having a mutation in ORC fail to stably replicate the EBV genome
(Dhar et al., 2001). Recruitment of ORC to the DS region is mediated by EBNAL via its
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Figure 1.5. EBNAL1 role in genome maintenance. Schematic representation of functional
components of EBV genome maintenance is shown. To date, a scientific consensus is
lacking regarding the molecular mechanism underlying non random partitioning of the
EBV episome in dividing latently infected cells. Shown here are all the proposed
mechanisms with the corresponding references. Inset: the structure of oriP is shown with
both DS and FR repeat elements, the main DNA binding site of EBNAl. Genome
maintenance role of EBNAL is derived from its direct interaction with metaphase
chromosome or indirect interaction with chromosome by EBP2, RNA, Brd4 and HMG2B
as indicated. Surface topologies of the protein molecules are shown. Predicted models of
EBP2 and EBNAL (this study) are used to represent the surface of full length molecules.
Partial structures of Brd4 (PDB id: 4HXP) and HMG2B (PDB id: 1J3C) are used to
represent the respective proteins.
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interaction with RNA and/or Cdc6 protein (Moriyama et al., 2012; Norseen et al., 2008).
As marking of the origin of replication is mediated by EBNAL, it has been proposed that
assembly of ORC at the same position may serve some additional and/or different role in
EBV genome replication (Frappier, 2012). The Minichromosome maintenance (MCM)
complex is also recruited at the oriP via two accessory proteins, Cdc6 and Cdtl and may
undertake a helicase action in EBV episome replication (Dhar et al., 2001). Another
cellular protein recruited at the oriP is telomere repeat binding factor 2 (TRF2), which
interacts with the three nonamer repeats at DS mostly during the G1/S phase (Deng et al.,
2002). Although the N-terminal domain of TRF2 was shown to be supportive in order to
recruit ORC to DS, its absolute requirement is still unclear (Atanasiu et al., 2006) as a later
study by Moriyama et al., 2012 showed that EBNAL mediated recruitment of ORC and
Cdc6 at oriP is TRF2 independent. Another study has demonstrated that depletion or
deletion of TRF2 advances the EBV episomal replication from late S to mid S phase,
possibly by recruiting histone deacetylase (HDC) 1 and 2 (Zhou et al., 2009). TRF2 has
also been shown to recruit ChK2 to DS during the G1/S phase (Zhou et al., 2010) and
recombination proteins like MRE11 and NBS1 during S phase (Dheekollu et al., 2007).
Telomere associated factors such as TRF1 also bind to the DS of oriP, however its role in
viral genome replication is unclear. Two other proteins have also been found to be
recruited to the DS: tankyrase poly (ADP-ribose) polymerase (TPP) and hARP (Deng et
al., 2002; 2003b). TPP also directly binds to EBNAL and this interaction negatively
regulates DNA replication, as mutation in the TPP binding site of EBNA1 (Gly81 and
Gly425) leads to an increase in oriP mediated DNA replication (Deng et al., 2005). By
contrast depletion of hARP results in a decrease in oriP mediated EBV episome replication
(Deng et al., 2003). Timeless (tim) and tipin are two other proteins which are recruited to
oriP. Decrease oriP mediated replication and increased double strands breaks have been
observed at oriP when tim protein is depleted from the cell. Additionally, both timeless
and tipin are known for stabilizing replication forks at repetitive sequences (Dheekollu et
al., 2011). EBNAL1 also directly interacts with template activating factor Ip (TAFIp) via
Gly-Arg region (325-376 a.a) of EBNA1 and recruits it to oriP. Recruitment of TAF1p
negatively regulates viral DNA replication by assembling histone acetylase and HDA,
which in turn modify the chromatin structure (Wang and Frappier, 2009).

Although EBNAL association with the viral episome has been explored in detail, the
mechanism of EBNAL association with host chromosomes, for effective segregation of the
EBV genome, is still under debate (Figure 1.5). Nevertheless, based on observations taken
from florescent microscopy, deletion mutants, immuno precipitation and biochemical

fractionation, it seems that EBNAL interacts with human chromosomes at AT rich regions
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via the two EBNAL Gly-Arg regions LR1 (33-89) and LR2 (328-378), therefore termed
AT hooks. This interaction may be direct (Sears et al., 2004) or indirect (in later stages of
cell cycle) by a nucleolus protein p40 or EBP2 (Kapoor et al., 2005; Nayyar et al., 2009;
Shire et al., 1999; Wu et al., 2002). Replacement of LR1 and/or LR2 with a similar region
from the high mobility group AT hook 1 protein, was as effective in the segregation of the
EBV episome, supporting the idea of direct association of EBNAL with human chromatin
(Sears et al., 2004). By contrast, depletion of EBP2 (by silencing or dissociation by aurora
kinase) notably decreases the association of EBNAL1 with host chromosomes (Kapoor et
al., 2005), supporting the idea that EBNAL interacts with metaphase chromosome
indirectly through EBP2. Similarly, colocalization of EBNA1 and EBP2 was observed on
chromosomes from metaphase to telophase (Nayyar et al., 2009). Moreover, Jourdan et al.
(2012) has demonstrated that the interaction of EBP2 and EBNAL occurs during interphase
and not in the later stages of mitosis. These authors purposed a non obligate loading role of
EBP2, for EBNA1 association with metaphase chromosomes. In the same study an
alternate binding partner, HMGB2, was proposed, for stabilizing the EBNA1-chromosome
interaction. Adding further complexity is the observation that Braco-19, a G-quardi duplex
RNA disruptor, also inhibits EBNA1 association with cellular chromosome (Norseen et al.,
2009), suggesting a role for RNA in EBNA1-chromosome association. Additionally, it has
recently been shown that the relocalization of EBNA1 during the cell cycle (dispersed
throughout nucleus to metaphase chromosomes) also depends on Gly-Ala repeat (GAr)
length (Coppotelli et al., 2013). Finally, by using a reconstituted virus replication system in
yeast and EBNA1 deletion mutation analysis, the direct physical interaction between
EBNA1 and Brd4 was shown and an additional but dispensable mechanism for EBV
episome tethering to the metaphase chromosome was proposed (Lin et al. 2008).
Nevertheless, association of EBNAL with metaphase chromosomes subsequently leads to
the non random segregation of EBV episomes into the daughter cells, as the chromosomes

move towards the opposite poles during anaphase (Figure 1.5).

1.6.2. EBNAL as transactivator

EBNAL acts as a transcriptional transactivator for both viral and cellular genes. Upon
binding to FR in the EBV genome, EBNA1 mediates the transcription of several latent
genes including LMP1 (Gahn and Sugden, 1995). Paradoxically, EBNAL specific binding
to viral promoter Qp has shown to negatively regulate its own transcription (Sample et al.,
1992; Sung et al., 1994). Although the molecular mechanism of EBNAL transactivation
activity is not clear, some details are available. For example EBNAL binding to oriP may
result in the loop formation between FR and DS and this structure has direct consequences
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upon viral replication and latent gene transcription (Frappier and O’Donnell, 1991; Su et
al., 1991). It may induce re-organization of the chromatin structure which results in the
progressive recruitment of additional transcriptional machinery to the region (Niller and
Minarovitis, 2012). Moreover, DNA looping may further be induced by binding partners of
EBNAL, such as Brd4, PRMT5, TAF1 and NAF1 (Lin et al., 2008; Malik-Soni and
Frappier, 2012; Wang and Frappier, 2009). Additionally, a region between 64-89 a.a. in
EBNAL contains two strongly conserved cysteine residues which might bind with Zn.
Substitutions at these cysteine residues or chelation of cellular zinc impairs the
transactivation ability of EBNAL (Aras et al., 2009).

In addition to the viral episome, it is now widely established that EBNAL specifically
interacts with the host cellular DNA. This interaction may have consequences on the
expression of cellular genes. Using chromatin immunoprecipitation (ChlP) supported by
promoter array and/or deep sequencing analyses, several cellular sites have been identified
as targets for EBNAL binding. Interestingly, these sites are diverse in terms of their
sequence, thus unlike the viral sequence, a clear consensus is still lacking regarding the
target sequence(s) in the human genome for EBNAL binding (Canaan et al., 2009; Lu et
al., 2010). Moreover, the functional significance of this interaction is elusive. For example,
EBNAL high affinity binding to FR like elements in the human genome has been
demonstrated but without any evidence of ORC or MCM protein recruitment (d’Herouel et
al., 2010; Lu et al., 2010). It is possible that lack of such recruitment is due to the
requirement of a 21 bp span between two adjacent EBNA binding site for recruiting
cellular proteins involved in replication (Bashaw and Yates, 2001). Similarly, binding with
the FR like elements present on human chromosome 11 does not show any alteration in the
transcriptional activity of the nearby genes (Lu et al., 2010). Consistent with these studies,
cellular promoters to which EBNAL1 shows an affinity, when cloned upstream of the
luciferase gene, have not shown any alteration in transcription in the presence of EBNA1
(Dresang et al., 2009). Conversely, exogenous expression of EBNAL enhanced the
transcription of several genes including survivin in the EBV negative BL cell lines DG75
and BJAB. Decreased transcription has also been observed in a similar set of genes when
EBNAL is depleted in the EBV positive Raji cell line using siRNA (Lu et al., 2010;
Canaan et al., 2009). Moreover, the presence of EBNA1 results in the two and four fold
increase in the expression of ATF2 and c-Jun genes respectively in NPC cells (O’Neil et
al., 2008).
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1.6.3. EBNAI as oncogene

Given that EBNAL is the only latent protein expressed in BL and is consistently expressed
in all latency programmes of EBV, it has been speculated that EBNAL may contribute to
EBV associated oncogenesis. Considerable amount of evidences has been accumulated
pointing to a direct role of EBNAL in EBV associated oncogenesis. The first demonstration
that EBNAL might have oncogenic activity was made using transgenic mice (Wilson et al.,
1996; Wilson and Levine, 1992). These studies showed that two independent, EBNA1
expressing transgenic mouse lines were predisposed to B-cell lymphoma. Although this
finding was against the dogma at the time (and another group failed to show EBNA1
mediated transgenic oncogenesis (Kang et al., 2001; 2005; 2008), numerous studies since
then have pointed to EBNAL having an oncogenic activity, particularly in increasing the
cell survival. Increased immortalization has been observed in EBV infected B lymphocytes
due to the presence of EBNAL (Altmann et al., 2006; Humme et al., 2003). Additionally,
expression of EBNA1 dominant negative mutants decreased cell survival and increased
apoptosis in BL cells (Kennedy et al., 2003). In line with this, silencing of EBNAL
increased the survival in BL and NPC cell lines (Hong et al., 2006; Yin et al., 2006). This
was also found in vivo using EBNAL expressing transgenic mice. EBNAL lymphocytes
showed a prolonged survival, but this was dependent in culture on the supplement of IL2.
In the same study increased expression of bcl-XL and recombination activating genes
(RAG 1 and 2) was also noticed (Tsimbouri et al., 2002). In another study a synergistic
effect of Myc and EBNAL1 leading to the early onset of the lymphomogenesis was observed
in the transgenic system (Drotar et al., 2003). Furthermore, increased primary tumour
formation and metastasis have been observed in response to EBNAL1 expression in the
HONE1 NPC cells (Sheu et al., 1996), breast cancer cells (Kaul et al., 2007) and gastric
carcinoma cells (Cheng et al., 2010).

At the molecular level, evidence to delineate the underlying mechanism of cell survival
and consequently oncogenesis involving EBNAL is accumulating. Among these are:
destabilization of p53 (Holowaty et al., 2003; Saridakis et al., 2005), destabilization of
promyelocytic leukemia (PML) nuclear bodies (Sivachandran et al., 2008; 2012),
induction of reactive oxygen species (ROS) (Cao et al., 2012; Gruhne et al., 2009a) and
modulation of signalling pathways (Wood et al., 2007; Valentine et al., 2010) (Figure 1.6).
Direct binding between EBNAL (436-450 a.a) with the MATH/TRAF domain of USP7 has
been demonstrated in vitro (Holowaty et al., 2003; Saridakis et al., 2005). USP7, a
deubiquitinase, removes the polyubiquitin chain from the key tumour suppressor protein
p53, as well as its ubiquitin E3 ligase MDM2, thereby protecting both proteins from
proteosomal degradation and promoting their stabilization (Li et al., 2004; Hu et al., 2006).
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Figure 1.5. EBNAL as an oncogene: Depiction of models, based on the studies suggesting
the role of EBNAL in cell survival and resistance to apoptosis. Surface topology of all
protein and DNA molecules are shown and labelled. The predicted models of full length
EBNAL (cyan) and USP7 (brown) are used. Full length structures of CK2 (purple and
yellow PDBIid: 1JWH), proteosome (dark purple; PDBIid:1G65), ubiquitin (orange;
PDBIid:1AAR), survivin (brown; PDBIid:4AON), NFkB (red; PDBIid:1NFK), SMAD?2
(dark brown; PDBId: 1KHX), STAT1 (light green; PDBid: 1YVL), p53 (light purple;
PDBIid:1TUP) and NM23-H1(blue; PDBId: 3L7U) have been retrieved from RCSB protein
data bank. PML (green; PDBIid: 1BOR) is represented by their partially available structure.
Short description between the EBNA1 and the associated proteins and the suggested
outcome are indicated on the connecting arrows, coloured as partner molecule.
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Biochemical and structural studies have demonstrated that all, EBNA1, MDM2 and p53
compete for the same region for binding with USP7, however EBNAL shows highest
affinity amongst the three. As a consequence it has been proposed that during EBV
infection, EBNA1 binds with USP7 and thus interferes with the otherwise tightly regulated
ubiquitination/deubiquitination processes of p53; this dys-regulation leads to the
proteosomal degradation of p53 (Hu et al., 2006; Li et al., 2004; Saridakis et al., 2005). In
vivo studies have also demonstrated that expression of EBNAL in U20S (Saridakis et al.,
2005) and CNE2 NPC (Sivachandran et al., 2008) and GC cells (Sivachandran et al.,
2012a) results in the depletion of p53. Taken together these observations plausibly suggest
that EBNA1 can disturb the steady state levels of p53 in the EBV infected cells to support
cell survival. However, treatment of LCL with DNA damaging agents has led to p53
mediated apoptosis (O’Nions et al., 2006) and p53 is intrinsically mutated in 50% of the
BL cases but not in NPC (Schmitz et al., 2012). The role of EBNAL in the cell survival
could in part be explained by its interaction with PML nuclear bodies. PML nuclear bodies
consist of nuclear proteins, which are involved in apoptosis and DNA repair (reviewed in
Bernardi et al., 2007; Salomoni et al., 2012). EBNAL preferentially interacts with one of
the five human isoforms of PML, namely PMLIV. Additionally, the EBNAL region
defined (387-394) also directly interacts with the B regulatory subunit of casein kinase 2
(CK2), which phosphorylates PML. CK2 mediated phosphorylation of PML signals for its
ubiquitination and consequently proteosomal degradation (Scaglioni et al., 2006; 2008;
Sivachandran et al., 2010). Moreover, EBNA1 expression in both GC and NPC results in
the depletion of PML nuclear bodies (Sivachandran et al., 2008; 2012). Moreover, the
EBNAZ1-USP7 interaction is thought to be important in this regard, but lacks clarity for the
underlying molecular mechanism. However, some studies have demonstrated that USP7
can induce the degradation of PML nuclear bodies, independently of its EBNAL
interaction and its DUBs catalytic activity (Sarkari et al., 2011).

Microarray analyses of Ad/Ah cells, with elevated expression of EBNAL, have shown
perturbed expression of 162 genes compared to Ad/AH cells infected with a rEBV or in the
C666-1 EBV-positive NPC cell line. Among these genes is STATL, a protein with an
established role in apoptosis mediated and independent cell death (Wood et al., 2007). In
addition, microarray analyses comparing EBNAL expressing transgenic B cells with
controls, also shows elevated STAT expression (Tsimbouri and Wilson, unpublished data).
Moreover, a potential EBNA1 binding site is located near the STATL1 transcription
initiation site (Dresang et al., 2009). Similarly, the presence of EBNAL in the Ad/Ah cells
reduces the half life of SMAD2, an important mediator of TGFB1 signalling, implicating
EBNAL in the interference of the TGFp1 signalling cascade. Moreover, expression of Pig-
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h3, a gene regulated by TGFp1 signalling has been found to be reduced in the presence of
EBNA1 (Wood et al., 2007). In support of this, another study using HL cells has also
shown reduced turnover of SMAD?2 and reduced expression of Protein Tyrosine Phosphate
Receptor K (PTPRK) in the presence of EBNAL (Flavell et al., 2008). It is also noteworthy
that 15% and 20% of promoters of differentially expressed genes (in the presence of
EBNAL) in Ad/Ah cells bear DNA binding motifs for NFkB (Valentine et al., 2010) and
AP-1 (O’Neil et al., 2008) respectively. Further studies have revealed that EBNAL can
negatively affect NFkB activity by inhibiting its binding with DNA (Valentine et al.,
2010). Taken together, the data show that EBNA1 modulates certain signalling cascades,
known for their role in cell survival and apoptosis.

In BL cell lines, expression of EBNAL increases the production of ROS and consequently
genomic instability (Gruhne et al., 2009b). ROS exhibits many cellular effects, not least
are genomic instability by DNA damage and induction of apoptosis (Avery, 2011).
Similarly, in CNE2 cells, expression of EBNAL results in the increased expression of
Nox2 and production of ROS. Moreover, increased telomeric instability has been observed
under the EBNA1 mediated production of ROS (Cao et al., 2012; Gruhne et al., 2009a,b;
Kamranvar et al., 2011). This suggests that EBNA1 may cause genomic instability by
increasing the production of ROS.

EBNALI also binds with cellular metastatic inhibitor Nm23-H1 through amino acids 65-89
and the interaction is thought to impair the Nm23-H1 function. In agreement, increased
cell migration has been observed in LCL in the presence of EBNAL1 (Murakami et al.,
2005). Moreover, nucleoproteosomal analysis of NPC cells has shown increased level of
Nm23-H1 and two other metastasis associated proteins namely, maspin and stathamin 1 in
the presence of EBNA1 (Cao et al., 2012). In addition, increased expression of Nm23-H1
has been correlated with increased expression of apoptotic genes such as caspases 3,
caspases 9, Bcl-X and p53 (Choudhuri et al., 2010). Though details are still elusive, but the
evidence suggest that by impairing the function of Nm23-H1 through direct binding,
EBNAL may decrease apoptosis in the EBV infected cells. Finally EBNAL is also known
to increase the expression of an anti apoptotic protein, survivin (Lu et al., 2011) which has
arole in cell proliferation.

In summary, the direct role of EBNAL in cell survival and proliferation and conferring
resistance to apoptosis and potentially oncogenesis is substantiated by a significant amount
of evidence. This suggests that aside from its core function in the virus of genome
maintenance, EBNAL is very likely to be involved in the onset and/or progression of EBV

associated cancers.
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1.7. Ubiquitin Specific Proteases

To undertake their biological roles, most proteins are required to adopt stable and
functionally favourable structural conformations. The process of ubiquitination and
deubiquitination plays a pivotal role in ensuring this structural stability, as well as enabling
rapid removal of proteins that are no longer required within the cell (reviewed in Amerik
and Hochstrasser, 2004; Komander et al., 2009; Peng et al., 2003). Ubiquitin tagging of a
protein is mainly mediated by the sequential activities of three different ligases: E1, E2 and
E3. Briefly, three main steps are involved in the molecular cascade of ubiquitination: first
an energy mediated process leads to the linkage of two activated ubiquitin molecules to E1
ligase, via thiol ester and adenylate linkages. Second, this thiol linked molecule is
transferred to E2 ligase and finally the ubiquitin molecule is transferred from E2 to target
protein by interacting with a substrate specific E3 ligase (reviewed in Pickart, 2001). As
substrate specificity is mostly defined by the E3 ligases, it is not surprising that there are
more variants of E3 ligases in comparison to E1 and E2 ligases. To date, over 650
ubiquitinated proteins and over 600 E3 ligases have been identified using mass
spectrometry and genome wide analysis respectively (Li et al., 2008; Meierhofer et al.,
2008). The diversity of E3 ligases is further augmented by the length of the ubiquitin chain
attached to the substrate via isopeptide bonds between the carboxy terminus of Gly of the
substrate protein and one of seven internal Lys residues (Lys6, Lys11, Lys27, Lys33, Lys
48 and Lys63) of ubiquitin. However, considering the protein diversity in human proteome
(from over 20,000 genes), many novel E3 ligases and target proteins may yet to be
identified.

Ubiquitination instigates the proteosomal degradation of redundant or improperly folded
protein molecules. To counter balance this, properly folded ubiquitinated proteins get
untagged by the activity of another set of proteins collectively referred as deubiquitinases
(DUBs). Around 100 DUBs have been identified so far which are catalytically active
(Komander, 2010; Nijman et al., 2005b). DUBs are characterised into 5 different families,
namely: Ubiquitin C-terminal hydrolases (UCHs), ubiquitin specific proteases (USPSs),
ovarian tumour proteases (OTUs), Josephins and JAB1/MPN/MOV34 metalloenzymes
(JAMMSs) (reviewed in Kommander et al., 2009). Of these five families, USPs stands
distinct in terms of structural and functional diversity.

To date over 50 USP paralogues in the human genome have been identified. The proteins
encoded by these genes vary considerably in size and domain architecture (reviewed in
Kommander et al., 2009). Akin to the other DUBs, the main function of USPs is to

regulate their target protein turnover and this is mediated through the cysteine peptidase
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activity of the C19 peptidase domain. Structurally, the peptidase domain of USPs consist
of three subdomains referred to as palm, thumb and fingers of a hand, with catalytic sites
positioned at the interface of all three subdomains. The main interaction between DUBS,
(including USPs) and the ubiquitin molecule is established between the ubiquitin binding
domain (UBD) of DUBs and lle44 of ubiquitin (Zhu et al., 2007). Additionally, some USP
domains are structurally disordered and adopt a functional folding upon interaction with
ubiquitin (Awakumov et al., 2006; Hu et al., 2005; Reyes-Turcu et al., 2008). In addition
to ubiquitin, at least 16 other proteins encoded by the human genome exhibit characteristic
ubiquitin fold collectively referred to as ubiquitin-like proteins for example SUMO
protein, certain neuronal precursors and Interferon Stimulated Gene 15 (ISG15)
(Hochstrasser, 2009). Upon interaction with the target protein, the ubiquitin molecule is
identified by USPs from the unique stretch of 6 residues at the C-terminus of ubiquitin
which differs from other ubiquitin-like molecules however, cross reactivity is not
uncommon (Catic et al., 2007; Drag et al., 2008; Malakhov et al., 2002). Ubiquitin forms
an isopeptide bond with its partner protein which differs from a conventional peptide bond
on the basis of free rotation of bonds (Komander et al., 2009). USPs, are cysteine
peptidases and exhibit isopeptidase activity to remove the attached ubiquitin. Cysteine
dependent DUBs (like USPs) have a catalytic diad or triad of amino acids which
mechanistically acts similar to the well studied plant cysteine peptidase, papain (Johnston
et al., 1997; Storer and Menard, 1994). In short, the catalytic cysteine conducts a
nucleophilic attack on the isopeptide bond and this requires lowering of the pKa of Cys,
which is facilitated by a proximal polarized His residue. With few exceptions, polarization
of His is further dependent on Asp or Asn alignment with the His. The catalysis is carried
out by the hydrolysis of the acyl Cys intermediate which is formed by covalent association
of the carboxyl group of ubiquitin with the enzyme.

Although the main function of USPs in the cell is to maintain adequate levels of the
functionally important proteins and to recycle the pool of free ubiquitin, an increasing body
of evidence demonstrates that they are directly and indirectly involved in variety of
different biological functions. Given the diversity of USPs it is difficult to list let alone
describe all the biological roles of all USPs, however, the functional distribution of USPs is

illustrated (Figure 1.7) and summarised below.
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1.7.1. The role of USPs in gene expression

Eukaryotic genomic DNA is tightly wrapped around histones forming small nucleoprotein
structures referred to as nucleosomes. Each nucleosome consists of a 146bp segment of
DNA wrapped around an octamere of histone proteins. The tails of each histone molecule
protrudes out of the nucleosome forming the target of several posttranslational
modifications like methylation, acetylation, phosphorylation, sumolyation and
ubiquitination (Strahl and Allis, 2000). These posttranslational modifications regulate
chromatin structure which in turn regulate gene expression, DNA repair and chromosome
condensation. Several E2 and E3 ubiquitin ligases are known to modify histones
(Hammond-Martel et al., 2012). Similarly, several DUBs (including USPs) have been
identified opposing the actions of the ubiquitin ligase on histones. For instance USP3,
USP7, USP12, USP16, USP21, USP22, USP36 and USP46 deubiquitinate either H2A, or
H2B, or both which variably results in repression or activation of genes (Joo et al., 2007,
2011; Nakagawa et al., 2008; Nicassio et al., 2007; Taillebourg et al., 2012; Zhang et al.,
2008;). Other gene regulatory mechanisms affected by USPs include: preventing the
degradation of cytoplasmic mMRNA by USP52 (Bett et al., 2013), USP39 involvement in
the RNA processing (Rios et al., 2011) and transcriptional negative feedback loop by
USP8 (Luo et al., 2012).

1.7.2. The role of USPs in apoptosis

Several USPs have been reported to have a role in the molecular machinery of apoptosis.
Most USPs are proapoptotic (USP8, USP10, USP15, USP28, USP47 and CYLD) however,
some are anti apoptotic (USP2, USP9 and USP18) and some may have a dual role (USP7)
(Ramakrishna et al., 2011). Proapoptotic activities of USPs are generally mediated by
stabilizing proteins involved in programmed cell death, for example USP7 and USP10
deubiquitinate p53, a key pro apoptotic protein (Li et al., 2004; Yuan et al., 2010). USP8
deubiquitinates Nrdpl, a ubiquitin E3 ligase, responsible for the proteosomal degradation
of apoptosis inhibitor, Baculoviral IAP Repeat Containing 6 (BIRC6), and consequently
lead to the induction of apoptosis (Qiu et al., 2004). USP15 stabilizes procaspases-3
leading to its dissociation from Skp, Cullin, F-box containing (SCF) complex to cause
apoptotic cell death (Xu et al., 2009). USP28 stabilizes ChK2 and 23 BP1 (DNA damage
response proteins) which regulate p53 mediated induction of proapoptotic genes (Zhang et
al., 2006). CYLD stabilizes RIP1 which is essential for NF-kB activation (Wang et al.,
2008). The anti apoptotic property of USP2 is mediated by its ability to deubiquitinate fatty
acid synthase (FAS) (Graner et al., 2004). Although the mechanistic details of how
inhibition of FAS promote apoptosis is not clear, however, only it has been recently
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demonstrated that the FAS upregulates an oncogenic protein, B catenin (Gelebart et al.,
2012). A pro apoptotic functioning of USP17 has been demonstrated; however the
mechanistic details are elusive (Shin et al., 2006). USP7 stabilizes p53 and its ubiquitin
ligase, MDMZ2, the proapoptotic role of USP7 is thought to be the result of tight regulation
between these contrasting functions (Li et al., 2004). USP9X mediates its anti apoptotic
activity by stabilizing apoptosis signal regulating kinase 1 (ASK1) and MCL1. MCL1 is a
member of BCL2 family and normally required to ensure the survival of stem cells
(Noguchi et al., 2008; van Delft et al., 2006). Antiapoptotic function of USP18 has also
been demonstrated recently (Potu et al., 2010).

1.7.3. The role of USPs in cancers

Since cellular processes like DNA repair, mitosis and apoptosis are all affected through the
molecular events of oncogenesis (Hoeijmakers, 2009; Hussain et al., 2009; Singh et al.,
2010), the involvement of several associated USPs with cancers is not surprising. Indeed
the Oncomine database (Rhodes et al., 2004) shows that dysregulation of several USPs has
been observed in different cancers. Though the molecular mechanisms of many of these
associations are poorly understood, aberration in ubiquitin mediated degradation plays a
central role in this regard. For example, premature truncation of CYLD translation due to
germ line mutation (stop codon) has been associated with cylindromatosis and
trichoepthelioma (Bignell et al., 2000; Massoumi et al., 2007; Poblete Gutierrez et al.,
2002). It has been demonstrated that CYLD is a negative regulator of the NF-kB signalling
cascade, a pathway known for its oncogenic consequences (Baud et al., 2009). Similarly,
over expression of USP16 due to chromosomal translocation at chromosome 17p13 has
been found to be causative in many aneurysmal bone cysts (Oliveira et al., 2006). USP8 is
another DUB implicated for its role in oncogenesis due to its role in regulating receptor
tyrosine kinase (RTK) internalization and proteolytic degradation and consequently cell
proliferation (McCullough et al., 2004; Row et al., 2006). USP9 stabilizes 3-catenin and
SMAD4 (important components of Wnt and TGFp pathway respectively) suggesting its
role in cellular proliferation and potentially oncogenesis (Dupont et al., 2009; Murray et
al., 2004). USP3 and USP21 deubiquitinate histone subunits and the former may also be
involved in DNA repair; both genes have been shown to be dysregulated in a variety of
cancers (Oncomine database). As well as several other USPs (USP1, USP3 and USP28)
are involved in DNA repair processes and thus their deregulation may be associated with

cancer (Hussain et al., 2009).
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1.8. Chitinase and chitinase like proteins

Chitin, the linear polysaccharide of N-acetylglucosamine, is ranked second after cellulose
in terms of abundance in nature. It serves as a structural component of many invertebrates
including the exoskeleton of crustaceans and insects, shells and radulae of gastropods, the
internal skeleton of cephalopods and the microfibrial sheet of parasitic nematodes. It is also
a major constituent of fungal cell walls and in some cases it is found in structural elements
of lower chordates and fishes such as Branchiostoma floridae and Paralipophrys trigloides
respectively (Guerriero, 2012; Tharanathan and Kittur, 2003; Wagner et al., 1993; Weaver
et al., 2011). Proteins required for the hydrolysis and/or remodelling of chitin are referred
to as chitinases. They are found in all taxa of living organisms from bacteria to primates
(Arakane and Muthukrishnan, 2010; Kasprzewska, 2003; Ohno et al., 1996).

Chitinases are members of the glycoside hydrolases (GH) protein family which is one of
the largest and most diverse group of proteins. They are classified into 14 clans and 133
Carbohydrate-Active Enzyme database (CAZy) families on the basis of sequence and
structural similarity, substrate specificity and catalytic mechanism (Cantarel et al., 2009).
Chitinases are generally restricted to the GH18 and GH19 protein families and to a very
limited extent are members of GH20 and GH48 families (Fujita et al., 2006; Kubota et al.,
2004). Chitinases of the GH18 family carry out their catalytic function by substrate
assisted mechanism while GH19 enzymes employs single displacement or inverting
mechanisms for catalysis (Brameld and Goddard, 1998; van Aalten et al., 2001). The
difference in catalytic mechanism and structural features suggests independent
evolutionary lineages for members of these families. Broadly, chitinases can also be
classified as endo or exo chitinases. Endochitinases perform internal but random cleavage
of the polymer, while exochitinases mainly act on terminal ends of branched and
unbranched polymers (Dahiya et al., 2006).

During the course of evolution, higher plants and vertebrates have replaced chitin by
cellulose and hyaluronan respectively, yet plants and animals bear genes encoding active
chitinases. Plant encoded chitinases are included in both GH18 and GH19 families of
classes I, Il and 1V, where as animal encoded chitinases almost exclusively (except for
some nematodes) are members of the GH18 family (Kasprzewska, 2003). All vertebrates
(excluding some fishes) do not synthesize chitin and most species do not use chitin as a
nutritional source. However, antifungal, antiprotozoal and antihelminthic properties have
been attributed to human chitinases (Barone et al., 2003; Boot et al., 1998; 2001).
Moreover, CHIA is found associated with the pathophysiology of asthma (Zhu et al.,

2004) and others diseases involving immune dysfunctions (Lee, 2009; Sutherland et al.,
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2011). Therefore the presence of chitinases (particularly CHIT1 due to its elevated
expression in macrophages in humans) is thought to be linked with immunity against chitin
containing pathogens.

Humans have three catalytically active chitinases, two endochitinases: namely
chitotriosidase | (CHIT1) and acidic mammalian chitinase (AMCase or CHIA), and an
exochitinase chitobiase (CTBS). In addition to this, humans also encode four sequentially
and/or structurally related inactive chitinases termed chilectins (ChiLs). These are CHIL1
(aka: CHI3L1, YKL-40 and CGP-39), CHIL2 (aka: CHI3L2, YKL-39, CP-39), oviductin
(OVGP1) and stabilin 1 interacting chitinase like protein (CHID1) (Kzhyshkowska et al.,
2006). These proteins lack catalytic activity due to substitution from a glutamic acid
residue in the catalytic region of the protein but CHIL1 (at least) retains the ability to bind
with chitin (Bussink et al., 2006; Houston et al., 2003). In mice, except for CHIL2, the
other three ChiLs (CHIL1, OVGP1 and CHID1) are present. Intriguingly, an additional
array of ChiLs has also been identified in mice: Chil3 (aka: Chi3l3, YM1), Chil4 (aka:
Chi3l4, YM2), Chil5 (aka: Chi3l7, Bclp2) and Chil6 (aka: basic YM, BYm) (Hussain and
Wilson, 2013). Phylogenetic analyses have shown that OVGP1 and all murine ChiLs are
evolutionary related to CHIA, while CHIL1 and CHIL2 result from gene duplications of
ancestral CHIT1 (Bussink et al., 2007; Funkhouser and Aronson, 2007).

Similar to active chitinases, studies have shown that most ChiLs are also involved in
immunomodulation. For instance over expression of CHIL1 and in some cases also of
CHIL2 has been reported in chronically inflamed tissues and in patients suffering from a
variety of autoimmune disorders and cancers (reviewed in Coffman, 2008; Lee et al.,
2011). Additionally, expression of ChiLs has also been found to be elevated in animal
models of inflammatory diseases including allergy, asthma and cancer (Hannigan et al.,
2011; Qureshi et al., 2011; Zhao et al., 2007). Importantly, up-regulation of ChiLs has
been observed in EBV associated Hodgkin’s lymphoma, breast cancer, gastric carcinoma
and nasopharyngeal carcinoma (Biggar et al., 2008; reviewed in Ober and Chup, 2009).
ChiLs are also up-regulated in LMP1 (EBV oncogene) transgenic mice (Hannigan et al.,
2007 Qureshi et al., 2011). Another chilectin, OVGP1 is normally expressed in the ovary
and cervix and functions in fertilization and early embryo development (reviewed in Buhi
et al., 2002; Lindsay et al., 1999; Yong et al., 2002). Like other ChiLs, elevated OVGP1
expression has been observed in the inflammatory disorders, such as disendometriosis
(Wang et al., 2009) and ovarian cancer (Maines-Banidiera et al., 2010).

To date GH18 domain (39kDa) of two active chitinases of humans (CHIT1 and CHIA) and
three human ChiLs CHIL1, CHIL2 and CHID1 have been structurally resolved by x-ray
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crystallography (Fusetti et al., 2002; Houston et al., 2003; Meng et al., 2010; Olland et al.,
2009; Schimpl et al., 2012). In addition, structures of two other ChiLs, one from family
bovidae termed BP40 and Chil3 from the mouse, have been resolved (Srivastava et al.,
2007; Sun et al., 2001). Structurally, all active chitinases and ChiLs contain a 39KDa
GH18 homology domain which is composed of two sub-domains, a large triosephosphate
isomerase (TIM) B barrel domain and a relatively small a+f domain (Figure 1.8). Based on
the presence or absence of the latter, GH18 family chitinases are further classified into
subfamily A or B respectively. To date, all the known vertebrate GH18 homologues
contain both the TIM barrel and the o+ domains and thus belong to family A. Distribution
of family B chitinases is mostly restricted to bacteria (Suzuki et al., 2002; Watanabe et al.,
1993). The TIM barrel domain is comprised of a B barrel like structure which is composed
of eight anti parallel B strands and eight o helices. This (0/B)s fold has been found as a
primary structural component of many catalytic proteins, varying greatly in terms of
sequence identity and function (Nagano et al., 2002). In tertiary conformation, this TIM
barrel (with little contribution from the a+p domain) forms a ligand binding cleft lined
with the solvent exposed aromatic residues. The catalytic site lies within this cleft of
active chitinases, characterized by a DxDxE motif where Asp and Glu are required for the
catalytic activity (Fusetti et al., 2002; Olland et al., 2009). These amino acids are replaced
by Leu/lle or GIn in different ChiLs (Sun et al., 2001; Houston et al., 2003). Recently, on
the basis of primary sequence conservation, another sub domain has been identified as a
chitinase insertion domain (CID), located between the 7th a helix and 7th 3 strand of the
TIM barrel. Computational analyses have shown the importance of this domain in ligand
binding affinity and specificity (Li et al., 2010). In addition to the GH18 domain, another
relatively small chitin binding domain, CBM14, has also been described at the C-terminal
end of both active chitinases CHIT1 and CHIA. This domain is also present in many
invertebrate chitinases and the CBM14 of CHTI1 has been shown to bind with insolubl